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ABSTRACT 
 
With the need for increased food production by 70% by 2050, plant genetic 
transformation plays a key role in the development of crops more tolerant to stress, pests, and 
disease. Legumes are immensely important in terms of nutritional and economic value in 
addition to nitrogen fixation capabilities. However, legumes have often proved difficult to 
transform with genetic engineering. This thesis evaluates conditions affecting genetic 
transformation of soybean (Glycine max L.) and common bean (Phaseolus vulgaris L.).  
Transformation of soybean is now routine but requires much skill and labor. To 
reduce the labor required for the transformation of soybean, it is important to maximize the 
transformation efficiency. An important factor for genetic transformation of any crop is the 
selectable marker system that allows the identification of transformed cells and tissue. The 
choice of promoters driving selectable marker genes is important for maximizing 
transformation frequency in Agrobacterium tumefaciens-mediated plant transformation. The 
cauliflower mosaic virus 35S (CaMV 35S) and nopaline synthase (NOS) promoter and one 
regulator, tobacco etch viral (TEV) translational enhancer, were tested in this study. The 
NOS promoter with enhancer resulted in a significantly higher transformation efficiency than 
NOS without the enhancer and both CaMV 35S constructs. No significant differences were 
identified between constructs in the average copy number of the bar gene.  
Common bean is one of most important sources of dietary protein for human 
consumption, especially for small landholder farmers in many tropical countries. 
Transformation of common bean has proved more challenging than other legumes. The 
development of a robust and reproducible method of common bean transformation is 
xiii 
 
 
important to allow crop improvements to be made more efficiently than can be achieved with 
conventional breeding. Ninety-three (93) common bean cultivars were screened for the 
ability of each cultivar to turn green and continue shoot development using a half seed 
transformation method. Twenty cultivars with high regeneration frequency were further 
evaluated for their responses to infection using two Agrobacterium tumefaciens strains using 
a transient GUS assay. Transient GUS expression varied between cultivars comparing 
EHA101 and LBA4404, however higher regeneration resulted from EHA101. Eight cultivars 
were further used for optimizing regeneration conditions. Overall, tissue culture on MS basal 
media resulted in healthier growth compared to culture on B5 media. Across eight cultivars, 
cytokinin 6-benzylaminopurine (5 mg/L) was determined to be optimal for shoot induction, 
gibberellic acid was important for shoot elongation, and auxin indole-3-butyric acid was 
important for root induction. 
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CHAPTER 1 
INTRODUCTION TO PLANT TRANSFORMATION AND HISTORY OF 
LEGUME TRANSFORMATION 
 
Introduction to Plant Transformation 
Plant transformation is important for studying gene function leading to an 
understanding of plant biochemical pathways and aiding in the development of crops 
with increased yield, nutritional value, and resistance to insecticides (e.g. Bacillus 
thuringiensis delta endotoxin (Bt)), herbicides (e.g. glyphosate, glufosinate ammonium, 
2,4-D), and stress (e.g. drought). Additionally, plant transformation enables the 
integration of genes from virtually any species into crops, vastly expanding the potential 
for crop improvements. For any transformation system a number of factors need to be 
considered. The transformation system needs to have suitable target tissue that is able to 
accept DNA, a method to deliver DNA to the target tissue, the target tissue must be 
suitable for tissue culture showing both an ability to select for transformed tissue and 
regenerate into a plant, the genes of interest need to be expressed in the correct tissue or 
at the correct developmental stage, and genes of interest need to be stably inherited across 
generations (Birch, 1997; Hansen and Wright, 1999; Babaoglu et al., 2000; Somers et al., 
2003; Popelka et al., 2004). Equally important for any plant transformation system is the 
choice of promoters and/or enhancers that result in the highest recovery of transformed 
tissue expressing the genes of interest while limiting growth of non-transformed tissue.  
The regeneration of tissue and plants can be achieved through embryogenesis or 
organogenesis. Embryogenesis is typically an indirect tissue culture method relying on 
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immature embryos and utilizing a callus phase possibly requiring more labor to initiate 
and maintain cultures than organogenesis (Hansen and Wright, 1999) but typically does 
not result in the obtainment of chimeric plants (Maheshwari et al., 1995; Vasil, 1999). 
Organogenesis is the development of shoots from a number of tissues including 
cotyledons, leaves, and hypocotyls (Hansen and Wright, 1999) allowing easier 
obtainment of target tissue than embryogenesis and is also typically less labor intensive 
than embryogenesis.  
There are many methods of plant transformation are available, classified as either 
direct or indirect. Direct methods refer to physical methods of transformation including 
bombardment, protoplast transformation, electroporation, microinjection, use of silicon 
carbide fibers, vacuum infiltration, polyethylene glycol, microinjection, ultrasound or 
shock-waves, macroinjection, laser microbeams, and electrophoresis. Of the physical 
methods, bombardment is the most widely used, relying on the acceleration of a 
projectile coated with DNA at target tissue to be integrated into the plant genome usually 
resulting in a complex pattern of gene integration (Hansen and Wright, 1999) and 
multiple transgene copies when used in soybean (Srinivasa Reddy et al., 2003). Indirect 
methods rely on bacteria for DNA transfer, typically either Agrobacterium tumefaciens or 
A. rhizogenes. Transformation via A. tumefaciens is typically achieved by placing the 
target tissue in a mixture containing A. tumefaciens usually resulting in a less complex 
pattern of gene integration (Hansen and Wright, 1999). For example, in maize 
transformed via A. tumefaciens resulted in more stable gene expression and lower 
transgene copies compared to bombardment (Shou et al., 2004). Additionally, 
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transformation via A. tumefaciens can be used in conjunction with physical methods (e.g. 
bombardement, sonication, vacuum infiltration). 
Agrobacterium tumefaciens  
Agrobacterium tumefaciens is the cause of crown gall tumors that develop from 
the transfer of T-DNA (transfer DNA) to the plant. The T-DNA contains the genes 
needed for tumor formation and opine synthesis within the tumor. Opines serve as a 
unique sugar source for A. tumefaciens with different strains categorized based on the 
opine type they can utilize. In wild-type A. tumefaciens, the tumor inducing plasmid 
contains both the T-DNA and the genes needed for T-DNA transfer to the plant including 
the virulence genes (Reviewed extensively in Klee et al., 1987; Hellens et al., 2000; 
Zupan et al., 2000; Gelvin, 2003; McCullen and Binns, 2006; Ziemienowicz, 2013). 
However, it was discovered that the virulence genes and the T-DNA did not need to be 
located on the same plasmid forming the basis for the development of binary vectors 
(Hoekema, et al., 1983) allowing easy integration of a plasmid containing genes of 
interest within T-DNA to any strain of A. tumefaciens. Commonly used strains for plant 
transformation are EHA101 (nopaline strain) (Hood et al., 1986), EHA105 
(succinamopine strain) (Hood et al., 1993), and LBA4404 (octopine strain) (Hoekema et 
al., 1983).  
In addition to choosing the A. tumefaciens strain, a number of other factors are 
important to consider including duration of co-cultivation, pH, temperature, explant type 
and source, density of bacteria, and wounding (excretions of plants as a result of 
wounding naturally signal the virulence genes to start transfer of T-DNA to the plant). 
The choice of the system of selection during tissue culture is equally important to ensure 
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transformed tissue can grow and to limit the growth of non-transformed tissue. Also 
shown to enhance transformation is the use of antioxidants in culture media to decrease 
necrosis of the target tissue (Reviewed extensively in Birch, 1997; Babaoglu et al., 2000; 
Gelvin, 2003; McCullen and Binns, 2006; Ziemienowicz, 2013).  
History of Legume Transformation 
Legumes are important nutritionally, economically, and for their nitrogen fixation 
capabilities. Legumes are generally known as a recalcitrant and identifying cultivars 
suitable to regeneration has been challenging because of variation between cultivars in 
the ability to regenerate. Successful transformation of soybean was first reported in 1988 
using both A. tumefaciens (Hinchee et al., 1988) and bombardment (McCabe et al., 1988) 
and has since been reported successful using various explants and selection systems (Sato 
et al., 1993; Santarem and Finer, 1999; Zhang et al., 1999; Yan et al., 2000; Aragão et al., 
2000; Olhoft et al., 2003; Paz et al., 2004; Paz et al., 2006; Luth et al., 2015).  
Successful transformation of additional legumes has been achieved via both A. 
tumefaciens and bombardment. Transformation of peanut has been successful with both 
A. tumefaciens and bombardment with multiple successes reported from 1998 to 2000 
(Cheng et al., 1996; Wang et al., 1998; Yang et al., 1998; Livingstone and Birch, 1999; 
Li et al., 2000; Magbanua et al., 2000; Rohini and Rao, 2000; Sharma and Anjaiah, 
2000). Transformation of chickpea was first reported in 1993 (Fontana et al., 1993; 
Riazuddin and Husnain, 1993) and no further successful transformation was reported 
until 2000 (Krishnamurthy et al., 2000) and 2004 (Sarmah et al., 2004) with all success 
via A. tumefaciens. Additional legumes successfully transformed include barrel clover 
(Trieu and Harrison, 1996; Hoffman et al., 1997; Trinh et al., 1998; Kamaté et al., 2000; 
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Trieu et al., 2000; Scholte et al., 2002), red clover (Quesenberry et al., 1996), pigeon pea 
(Lawrence and Koundal, 2001; Satyavathi et al., 2003; Thu et al., 2003), fava bean 
(Böttinger et al., 2001), mung bean (Jaiwal et al., 2001), and cowpea (Muthukumar et al., 
1996) among many others.  
Transformation of Phaseolus acutifolius (tepary bean) was reported successful via 
A. tumefaciens in 1997 (Dillen et al., 1997) and later in 2002 (De Clercq et al., 2002). 
The successful transformation of tepary bean opened an avenue for transfer of genes of 
interest to another important crop, P. vulgaris (common bean), which has shown more 
recalcitrance in transformation. However, for common bean, successful transformation 
has been achieved via bombardment using the meristem (Russell et al., 1993; Rech et al., 
2008; Kwapata et al., 2012) and embryonic axis (Aragão et al., 1996; Aragão and Rech, 
1997; Kim and Minamikawa, 1996; Kim and Minamikawa, 1997; Aragão et al., 1998; 
Aragão et al., 1999; Aragão et al., 2002; Faria et al., 2006; Bonfim et al., 2007). 
Successful transformation of common bean has also been reported via A. tumefaciens 
using leaves, stems (Nifantova et al., 2011), hypocotyls (Espinosa-Huerta, 2013), and 
whole seeds with a combination of sonication and vacuum infiltration (Liu et al., 2005). 
Additionally, root transformation has been successful via A. rhizogenes (Estrada-
Navarrete et al., 2006; Khandual and Reddy, 2014). Transient expression has been 
observed in a number of other explants attempted for transformation via A. tumefaciens 
(McClean et al., 1991; Lewis and Bliss, 1994; Kapila et al., 1997; Zhang et al., 1997; 
Mukeshimana et al., 2013), bombardment (Brasileiro et al., 1996), and electroporation 
(Leon et al., 1991) however no plants were successfully regenerated.  
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Research Plan 
 The first project focused on comparing the CaMV 35S (35S RNA subunit of the 
cauliflower mosaic virus) (Odell et al., 1985) and NOS (nopaline synthase) (Depicker et 
al., 1982) promoters to both determine which promoter would lead to the highest 
transformation efficiency in soybean and to become proficient in a half seed 
transformation protocol (Paz et al. 2004; Paz et al., 2006; Luth et al., 2015). The basic 
steps of the method are outlined in Figure 1 showing explants after five days of co-
cultivation (Figure 1a), after two weeks on the first shoot induction prior to the removal 
of the primary shoot (Figure 1b), after four weeks on shoot induction with new shoots 
developing (Figure 1c), after two weeks on shoot elongation media (Figure 1d), the 
appearance of shoots prior to transfer to rooting media (Figure 1e), and a successfully 
rooted shoot (Figure 1f). This project included tissue culture of soybean to generate and 
PCR test T0 plants with herbicide application, PCR, and qPCR used to confirm 
integration of the bar gene on the T1 generation  
After becoming proficient with the half seed protocol, my project focused on 
development of an A. tumefaciens-mediated transformation protocol for common bean. 
The basic method used for common bean regeneration and transformation experiments 
followed the soybean half seed transformation protocol (Paz et al. 2004; Paz et al., 2006; 
Luth et al., 2015) (Figure 1). The first portion of this project focused on a regeneration 
screen of a large number of common bean cultivars (93 total) to determine the ability of 
cultivars to turn green and develop a shoot during tissue culture. From the cultivar screen, 
a number of cultivars were identified that showed a high ability to regenerate and 
transformation experiments were conducted on a number of cultivars with focus on three 
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cultivars. Comparisons were made between strains of A. tumefaciens, basal media, 
concentrations of 6-benzylaminpurine (BA), comparisons of an optimal concentration of 
glufosinate, and the effects of the inclusion or exclusion of 2-ethanesulfonic acid (MES) 
on explant growth. Additionally, visual analysis of infection rate was compared varying 
the duration of co-cultivation, imbibement conditions, and strains of A. tumefaciens for 
transient expression. 
Thesis Organization 
Chapter 2 describes a project comparing the CaMV 35S and NOS promoters with and 
without an enhancer for the effect on transformation efficiency in soybean using an A. 
tumefaciens half seed transformation protocol (Paz et al. 2004; Paz et al., 2006; Luth et 
al., 2015). Additionally, qPCR copy number estimation and segregation data of the T1 
generation are discussed. Chapter 3 describes experimentation for common bean 
regeneration including a large cultivar screen to identify cultivars showing high 
regeneration. Additionally, the methods and results of experimentation for transformation 
using a number of cultivars that showed high ability to regenerate will be described.   
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Figure 1. Steps of the half seed transformation method. a. Half seed explants after five days of co-
cultivation, b. explants after two weeks of the first shoot induction with the primary shoot shown and 
removed at this stage, c. explants after four weeks on shoot induction with new shoots growing shown, d. 
explants on shoot elongation media with new shoots beginning to elongate, e. explants on shoot elongation 
media with shoots showing greater elongation and ready to be removed and rooted, and f. rooted shoots 
ready for soil. 
  
 
a.              b.          c. 
 
 
 
 
 
 
 
 
 
 
d.              e.           f.  
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CHAPTER 2 
COMPARISON OF TRANSFORMATION EFFICIENCY USING BAR GENE DRIVEN 
BY CAMV 35S OR NOS PROMOTER IN AGROBACTERIUM-MEDIATED SOYBEAN 
(GLYCINE MAX L.) TRANSFORMATION 
 
Abstract 
Genetic transformation of soybean is important for understanding gene function in 
addition to the development of soybean with increased agronomic performance. A key 
part of genetic transformation of soybean is the choice of promoters driving selection 
genes to maximize transformation efficiency. The objective of this research was to 
compare the effect of the CaMV 35S and NOS promoters, with and without a 
transcription enhancer driving a bialaphos resistant gene (bar) for selection on 
transformation efficiency in soybean. In addition to transformation efficiency, data were 
collected on the segregation ratio within a construct. Also in the T1 generation, copy 
number was estimated. A significantly higher transformation efficiency resulted from 
NOS with an enhancer. No significant differences were identified between constructs in 
the average transgene copy number. Additionally, the majority of T1 plants followed an 
expected 3:1 segregation ratio regardless of the promoter. This work provides important 
information on the effect of promoters on transformation efficiency using an 
Agrobacterium-mediated half seed protocol.  
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Introduction 
Soybean is one of the most important oil crops with nitrogen fixation ability. With 
the advent of genetic transformation, soybean has been improved with the creation of 
crops resistance to herbicides, increased in beneficial traits (e.g. pest tolerance, yield 
increases, increases in nutritional value), and created an avenue for studying gene 
function. While transgenic soybeans with herbicide resistance are used worldwide, 
genetic transformation remains challenging for many laboratories.  
The choice of the promoter driving genes for selection (e.g. bar, nptII, hpt) in the 
transformation of any crop is important for ensuring the highest possible transformation 
efficiency. When used for transformation, the strength of promoters varies between 
species (Harpster et al., 1988) with differences in expression observed between monocots 
and dicots (Schledzewski & Mendel, 1994; Pih et al., 1996; Bhattacharyya et al., 2002). 
The strength of a promoter alone cannot determine the efficiency of the promoter in 
transformation, it has been difficult to correlate transformation efficiency to promoter 
strength (Joersbo et al., 2000). In addition to choosing a promoter leading to the highest 
transformation efficiency, enhancers can also be used to increase the activity of a 
promoter. However, altered expression patterns have been reported with the addition of 
enhancers (Yoo et al., 2005). 
The simplest and most common way to compare the activity of various promoters 
is by using a visual reporter system. A number of reporter systems exist to visually 
analyze gene expression including the use β-glucuronidase (GUS) resulting in blue 
staining of tissue expressing GUS (Jefferson et al., 1987), luciferase (De Wet et al., 
1987), and green fluorescent protein (GFP) (Chalfie et al., 1994). Non-visual reporter 
23 
 
 
systems exist to easily assay promoter activity relying on the use of selectable markers 
including assay based on chloramphenicol acetyltransferase (CAT) (Gorman et al., 1982). 
Regardless of the reporter system used, research comparing promoters also typically 
measure mRNA transcript concentrations as a measure of activity or the copy number of 
genes of interest. The most accurate way to compare the effect of various promoters on 
transformation efficiency is to directly compare promoters driving selection genes. 
Promoters and Enhancers for Plant Transformation 
The most commonly used promoter for plant transformation is the 35S RNA 
subunit of the cauliflower mosaic virus (CaMV 35S) (Odell et al., 1985) because it is 
considered a high constitutively expressed promoter, however, in a number of crops, 
tissue specific gene expression has been reported. In Agrobacterium tumefaciens-
mediated transformation of tomatillo, differential GUS expression was observed in T0 
and T1 plants, both showed expression in the leaves, lower expression in vascular tissue, 
homogenous staining in roots, and an intense blue staining in apical meristems (Assad-
García et al., 1992). In rapeseed, GUS expression was observed in most tissue but highest 
in the roots and varied depending on the developmental stage (Stefanov et al., 1994; Pauk 
et al., 1995). In young (10 day old) tobacco seedlings transformed via A. tumefaciens, 
similar expression was reported in the roots, hypocotyls, and cotyledons (An et al., 1988). 
Tissue specific expression in birch transformed via A. tumefaciens has been reported, the 
highest GUS expression was in the roots and much lower but detectable levels in the 
leaves and stem (Lemmetyinen et al., 1998). In rice transformed via electroporation, there 
was higher GUS expression in the leaves compared to the roots (Battraw and Hall, 1990). 
Differential GUS expression has been reported between monocots and dicots, higher 
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expression has been reported in tobacco compared to maize (Schledzewski & Mendel, 
1994; Bhattacharyya et al., 2002) and barley (Schledzewski & Mendel, 1994). A number 
of regulatory regions have been identified in the CaMV 35S accounting for promoter 
activity and variation in expression.  
Early research identified three regions in the CaMV 35S promoter essential for 
activity classified based on distance from the transcription start site (TSS): distal (-149 to 
-89), medial (-89 to -68), and proximal (-68 to +1). In the distal region, three elements 
with homology to an enhancer from the simian 40 virus (SV40) were identified, that 
when removed, lowered promoter activity. In the medial region, a CCAAT like box was 
identified and when removed almost no promoter activity was observed while the 
proximal region contains the TATA box (Ow et al., 1987). Upstream of the TATA box, a 
338 base pair fragment was identified as a potential enhancer of the promoter, but need to 
be located within 500 base pairs of the TSS for full promoter activity (Odell et al., 1988). 
In the region (-343 to -46) located upstream of the TATA box (located at -46), three 
important subdivisions were identified from -343 to -208, -208 to -90, and -90 to -46. 
When each region was directly fused to the TATA box, -343 to -208 resulted in reduced 
promoter activity, accounting for approximately 50% of the total promoter activity. When 
the region from -208 to -90 was fused to the TATA box, transcription was activated but 
decreased with this region accounting for about 40% of the total activity of the full 
promoter. In both regions, motifs were identified that showed similarity to SV40 
enhancers. The region from -90 to -46 showed no detectable promoter activity when 
directly fused to the TATA box, but was thought to increase the activity of the other 
regions playing an accessory role. When the region from -208 to -46 was reversed, 
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function was seen in both directions, further suggesting likely function as an enhancer. 
Additionally, when multiple fragments of -208 to -46 were added, promoter activity 
increased linearly with maximal activity observed when four copies were used. However, 
all three sequences were needed for maximal promoter activity (Fang et al., 1989). 
Building on early work, the CaMV 35S promoter was divided into two domains, domain 
A (-90 to +8) and domain B (-343 to -90) to compare promoter activity of each region in 
various plant tissues. Domain A showed higher expression in root tissue while domain B 
was more highly expressed in the cotyledons and leaves. Additionally, when both 
domains were used together, promoter activity was observed in most tissue across 
developmental stages and higher expression resulted when both domains were used 
together than when either was used alone (Benfey et al., 1989). Within domain B, five 
subdomains have been identified, each of which have been shown to contain active cis 
elements (Benfey et al., 1990). Further confirmation of the activity of each domain was 
obtained by comparing a duplicated domain B to only domain A. Root specific GUS 
expression was observed for domain A and lower than that of the duplicated domain B 
which showed higher root expression and expression in the leaves. However, a large 
amount of variation in GUS expression was observed between plants with the duplicated 
domain B (Elmayan & Tepfer, 1995).  
A less commonly used promoter in plant transformation is the nopaline synthase 
promoter (NOS) (Depicker et al., 1982), an A. tumefaciens promoter that is typically 
considered to be a weaker constitutive promoter. Few studies have examined the 
expression patterns when using NOS, although developmental and organ specificity have 
been reported. NOS activity in tobacco seedlings (10 day old) transformed via A. 
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tumefaciens was higher in the roots compared to the hypocotyl and cotyledons (An et al., 
1988). However, in contrast to the CaMV 35S promoter, the NOS promoter has been 
shown to be inducible by both wounding and the application of auxins (An et al., 1990). 
Additionally, the NOS promoter differs from the CaMV 35S in regulatory regions.  
Important regions identified for activity of the NOS promoter include the TATA 
box, CCAAT box located upstream of the TATA box, and an additional region upstream 
of the CCAAT box. Deletions in the TATA box reduced promoter activity 10 fold while 
deletion of the upstream region resulted in no promoter activity. The upstream sequence 
needed for NOS activity was located 20 to 50 base pairs upstream of the CCAAT box and 
did not show homology to any known enhancers or other known essential upstream 
elements. However, in this region a direct repeat of 11 bases and an inverted repeat of 8 
bases (located between -170 and -100) was identified, that when eliminated resulted in no 
promoter activity, suggesting critical importance of these regions in promoter activity 
(An et al., 1986). The upstream element (-170 to -100) was identified as containing an 
essential upstream Z forming element and b repeat. Deletions to the Z region eliminated 
promoter activity, however, duplicating the Z element, resulted in a threefold increase in 
promoter activity (Ebert et al., 1987). Elements needed for full promoter function 
identified by An et al. (1986) and Ebert et al. (1987) were further identified as three 
distinct regulatory elements located upstream and downstream of the Z element. Included 
in this region is the Z element, an 8 base pair b repeat, and an 11 base pair a repeat. When 
deletions were made to the Z element, no promoter activity was observed confirming 
early reports of the essential role of the element for full promoter activity. Deletions 
within the a and b regions led to the observation that only a portion of the b region was 
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needed for full promoter activity, while insertions made between the Z region and b 
region confirmed that each region is distinct. Additionally, it was shown that the elements 
needed to be in proper alignment for full function and all elements needed to be located 
within 200 base pairs of the CCAAT box (Mitra & An, 1989). When the Z region of the 
NOS promoter was deleted, the wound and auxin response of the NOS promoter was 
eliminated showing the critical importance of the Z region in the wound and auxin 
response (An et al., 1990; Kim et al., 1994) while deletions to the b region did not affect 
the wounding response (An et al., 1990). Additionally, mutations within the CAAT box 
of the NOS promoter negatively affected the wounding response of the promoter (Dai et 
al., 1999). Regardless of the promoter used for transformation, enhancers can be added to 
promoters to increase expression of the genes of interest.  
The enhancer of the tobacco etch virus increased GUS expression fivefold in 
tobacco when directly fused to GUS (Carrington & Freed, 1990). When a double 
enhancer from the CaMV 35S was added to the CaMV 35S or wheat α-amylase 
promoter, GUS activity in maize protoplasts increased threefold for CaMV 35S and 15 
fold for the wheat α-amylase promoter (Omirulleh et al., 1993). In A. tumefaciens 
transformation of tobacco, the addition of the CaMV 35S enhancer to the pma4 gene 
resulted in higher GUS expression than pma4 without the enhancer (Zhao et al., 1999). 
Transformation of grape via A. tumefaciens compared promoters from the cassava vein 
mosaic virus (CsVMV), enhanced double CsVMV (double promoter with enhancer), and 
enhanced double CaMV 35S. The CsVMV showed equivalent expression to enhanced 
double CaMV35S while the enhanced double CsVMV further increased expression (Li et 
al., 2001). However, in A. tumefaciens transformation of Arabidopsis using the CaMV 
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35S, the expression pattern of transgenes was altered with the enhancer of the CaMV 35S 
determined to be the likely cause of transgene interference. When the sequences of the 
CaMV 35S enhancer were replaced, the interference was removed (Yoo et al., 2005), 
suggesting care should be taken in the choice of enhancers to be used with promoters. 
Promoter Comparisons 
Most promoter comparisons are performed using reporter genes driven by the 
promoters of interest. Comparison of the CaMV 35S promoter and the figwort mosaic 
virus (FMV) promoter showed higher GUS activity in tobacco using the CaMV 35S 
compared to the FMV, but for maize, higher GUS activity was observed using FMV 
compared to the CaMV 35S (Bhattacharyya et al., 2002). Comparisons of the CaMV 35S 
to monocot promoters polyubiquitin1, rice actin1, and maize derived Emu all showed 
higher expression with the monocot promoters in maize and barley than the CaMV 35S 
using bombardment. However, the CaMV 35S showed the highest expression in tobacco 
while all monocot promoters showed weak expression (Schledzewski & Mendel, 1994). 
Using A. tumefaciens for infection of alfalfa, the CaMV 35S promoter has been compared 
to two other constitutive promoters, the CsVMV promoter and the sugarcane bacilliform 
badnavirus (ScBV) promoter. The CaMV 35S showed 24 fold less GUS activity in leaves 
than the CsVMV promoter but higher GUS expression than ScBV (Samac et al., 2004). 
Comparison of CaMV 35S, rice actin1, and tobacco polyubiquitin promoters in A. 
tumefaciens transformation of tobacco resulted in the highest CAT activity from the 
tobacco polyubiquitin promoter, the next highest activity from the CaMV 35S, while the 
lowest activity resulted from the actin promoter (Kang et al., 2003). Transformation of 
gladiolus via bombardment was used to compare GUS activity using the CaMV 35S, 
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double CaMV 35S, rice actin, or Arabidopsis ubiquitin promoter. The highest average 
GUS activity in leaves resulted from transformation with the CaMV 35S, then the double 
CaMV 35S, the ubiquitin promoter, and the lowest activity resulted from transformation 
with the actin promoter (Kamo et al., 2000). Transgenic tomato created via A. 
tumefaciens transformation using the CaMV 35S with 5’untranslated leader from alfalfa 
mosaic virus (CaMV35S/AMV) or E-8 fruit ripening promoter resulted in significantly 
higher GUS activity for CaMV35S/AMV compared to E-8 (Krasnyanski et al., 2001). 
Comparisons of fusions of CAT to the CaMV 35S or the algal virus adenine 
methyltransferase (amt) gene in transformation of tobacco via A. tumefaciens and wheat 
and rice via electroporation showed higher CAT activity in tobacco, wheat, and rice using 
amt compared to the CaMV 35S (Mitra & Higgins, 1994). Promoter comparisons of 
CaMV 35S, NOS, and both the 1’ and 2’ gene of A. tumefaciens T-DNA were performed 
in tobacco, sugarbeet, and oilseed rape transformation. The greatest expression resulted 
from transformation with the CaMV 35S, followed by the 2’, 1’, and the lowest for NOS. 
Variation in promoter strength was observed between species although the order of 
strength for all compared species was the same, the CaMV 35S was the strongest 
promoter and NOS was the weakest (Harpster et al., 1988). Tobacco transformed via A. 
tumefaciens showed higher GUS expression when FMV was used compared to the 
CaMV 35S, and mannopine synthase (mas) promoters and higher expression with the 
CaMV 35S compared to the mas promoter (Sanger at al., 1990). Comparison of the 
CaMV 35S and mas promoters using A. tumefaciens for transformation of rapeseed 
resulted in higher average GUS activity for mas compared to CaMV 35S in callus 
(Stefanov et al., 1994). Tobacco transformed via A. tumefaciens compared a PR gene 
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from asparagus to the CaMV 35S resulting in higher GUS expression in callus using the 
PR compared to CaMV 35S (Firek at al., 1993). Promoter comparisons using reporters 
system are important for understanding the expression patterns and activity of specific 
promoters. However, for plant transformation, it is important to directly compare 
promoters driving selection genes (e.g. bar, nptII, hpt) to ensure that the correct promoter 
is used to obtain the highest transformation efficiency.  
Direct comparisons of promoters driving selection genes are limited. The NOS 
and CaMV 35S promoters driving selection using nptII have been compared in petunia 
using A. tumefaciens-mediated transformation resulting in higher nptII transcripts and 
enzyme activity when CaMV 35S was used compared to NOS (Sanders et al., 1987). The 
Actin1 and CaMV 35S promoters driving nptII in maize transformation via bombardment 
resulted in higher transformation efficiency when using Actin1 compared to CaMV 35S 
(Prakash et al., 2008). Constitutive tobacco cryptic promoter (tCUP) has been compared 
to both double CaMV 35S and NOS promoters driving hpt in A. tumefaciens 
transformation of rice. Callus showed more vigorous growth with CaMV 35S compared 
to tCUP and NOS indicating stronger ability for CaMV 35S to drive selection than tCUP 
and NOS (Zhou et al., 2013). An enhanced tCUP promoter was compared to CaMV 35S 
driving nptII for A. tumefaciens transformation of tobacco, cauliflower, and alfalfa 
resulting in a similar or higher transformation efficiency for tobacco, cauliflower, and 
alfalfa when using enhanced tCUP compared to the CaMV 35S (Tian et al., 2002). Sugar 
beet transformed via A. tumefaciens compared an enhanced CaMV 35S, enhanced NOS, 
modified mas (SMAS), heat shock promoter (HSP80), and chlorophyll a/b binding 
protein promoter (CAB3) all driving selection with phosphomannose isomerase for 
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mannose selection. The observed order of promoter strength from highest to lowest was: 
CAB3, enhanced NOS, enhanced CaMV 35S, SMAS, and HSP80. However, 
transformation frequency did accurately correlate to promoter strength. The highest 
frequency resulted from transformation with SMAS, then CAB3, enhanced NOS, 
enhanced CaMV 35S, and the lowest for HSP80 (Joersbo et al., 2000). 
The copy number of transgenes can affect transgene expression. When multiple 
copies of transgenes were integrated in tobacco transformed via A. tumefaciens using the 
CaMV 35S driving GUS expression, lower GUS activity was observed with generally 
higher methylation (Hobbs et al., 1990). Single transgene copies have been reported in A. 
tumefaciens transformation of tobacco when the CaMV 35S promoter was used while one 
to four copies were integrated in plants transformed with the Actin 7 promoter (Kálai et 
al., 2008). In A. tumefaciens-mediated transformation of petunia comparing the CaMV 
35S and NOS promoters, the majority of plants transformed with the CaMV 35S 
contained single transgene copies while equal number of plants transformed with NOS 
contained one copy as contained two copies. Additionally, transcript and enzyme activity 
were higher in plants transformed with the CaMV 35S compared to NOS (Sanders et al., 
1987). Low copy number (one to two copies) has been reported in rice transformed with 
the CaMV 35S (Battraw and Hall, 1990). A single construct containing CaMV 35S 
driving GUS and NOS driving nptII in A. tumefaciens transformation of a model fruit tree 
rootstock (Prunus incisa x serrula) resulted in five to six copies of GUS and five to seven 
copies of nptII. However, when a calmodulin promoter was used in place of CaMV 35S, 
higher GUS activity and single transgene copies resulted for GUS while two copies 
resulted for nptII (driven by NOS) when the calmodulin promoter was used (Maghuly et 
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al., 2008). In maize transformed via bombardment, the CaMV 35S promoter was 
compared to the Actin promoter resulting in a significantly higher number of plants 
transformed with the CaMV 35S showing low copy number (one to two) while Actin 
showed a significantly higher number of multi-copy plants. However, a significantly 
higher transformation frequency resulted when transformation was with Actin compared 
to the CaMV 35S (Prakash et al., 2008). Transformation of rice callus via A. tumefaciens 
compared a double CaMV 35S promoter to NOS driving selection of hpt resulting in two 
transgene copies when the CaMV 35S was used with at least four transgene copies when 
NOS was used. Additionally, during tissue culture, slower callus growth, lower hpt 
transcripts, and higher GFP was reported when the NOS promoter was used. GFP was 
driven by the rice UBI promoter for both constructs. In the progeny, four to eight bands 
were observed for NOS with only two bands observed with the CaMV 35S (Zhou et al., 
2013). 
Rationale and Hypotheses 
To most accurately determine which promoter will result in the highest 
transformation efficiency in soybean, direct comparisons of promoters need to be made. 
The strength of a promoter itself cannot be used to identify which promoter will lead to 
the highest transformation efficiency. Direct comparisons of promoters controlling genes 
for selection have not been reported in A. tumefaciens-mediated transformation of 
soybean. Our laboratory has developed a proprietary technology for Agrobacterium-
mediated transformation of soybean using half seeds (explants) using the selectable 
marker (bar) for herbicide tolerance (Paz et al., 2006; Luth et al., 2015). Based on 
preliminary observation, the NOS promoter (PNOS) driving the bar gene leads to better 
33 
 
 
results in soybean transformation compared to a double CaMV 35S (2XP35S). This study 
was designed to perform direct comparisons of transformation efficiency comparing 
PNOS and 2XP35S driving the bar gene. Additionally, the inclusion of an enhancer to 
PNOS, PNOS+E, and 2XP35S, 2XP35S+E were compared.  
Specific hypotheses of this project were: 1) NOS is a weak promoter and will 
result in high transformation efficiency of soybean, 2) CaMV 35S is a strong promoter 
and will result in low transformation efficiency of soybean, and 3) addition of an 
enhancer to NOS and CaMV 35S will increase transformation efficiency. Specific 
objectives of this project were: 1) to determine if the 2XP35S or PNOS leads to a higher 
transformation efficiency in soybean, 2) to determine if the addition of an enhancer, 
2XP35S+E and PNOS+E, leads to a higher transformation efficiency, 3) compare 
segregation ratios between constructs, and 4) estimate T-DNA copy number. Specifically 
transformation efficiency was predicted to be as follows from highest predicted 
efficiency to lowest: PNOS+E > PNOS > 2XP35S+E > 2XP35S. 
Materials and Methods 
Plant Material  
Mature seeds of soybean cultivar Williams82 grown in an Iowa field in 2010 were 
surface sterilized using chlorine gas (Di et al. 1996). For each sterilization, four 100 × 20 
mm petri dishes containing approximately 100 seeds per plate were placed in a desiccator 
contained within a fume hood. Bleach (containing 5.25% sodium hypochlorite) (100 mL) 
was added to a 200 mL beaker and placed in the center of the desiccator prior to adding 
3.5 mL of 12M HCl (Fisher, ACS, Hampton, NH) along the inside of the beaker. After 
addition of HCl, the desiccator was closed and seeds remained in the desiccator for 19 
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hours. After removal from the desiccator, seeds were vented with the lids off of the 
dishes on a laminar flow bench for two hours. For transformation experiments, sterilized 
seeds were imbibed in approximately 25 to 35 mL of sterile water and placed in a 24°C 
biological incubator in dark for approximately 16 hours until dissection (tissue culture 
described below). 
Constructs 
Construct maps can be found in Figure 1 with map element sizes found in Table 
1. All constructs were designed using the base construct pTF101.1 (code ST41) binary 
vector (Paz et al., 2004) (Figure 1a) which is a derivative of pPZP binary vector 
(Hajduikiewicz et al., 1994). Figure 1b shows all constructs with only elements contained 
between the left and right T-DNA borders. All constructs contained phosphinothricin 
acetyltransferase gene (bar) (Thompson et al., 1987; White et al., 1990; Becker et al., 
1992) for selection (resistance to glufosinate) and the soybean vegetative storage protein 
terminator (TVSP) (Mason et al., 1993) with differences in the promoter, CaMV 35S 
(Odell et al., 1985) or NOS (Depicker et al., 1982) with or without the tobacco etch viral 
enhancer (Carrington & Freed, 1990; Gallie et al., 1995) driving the bar gene. Key 
construct differences are the double CaMV 35S with the enhancer (designated with an “-
E”) (2XP35S+E) in ST41, NOS promoter with an enhancer in ST131 (PNOS+E), double 
CaMV 35S without an enhancer in ST194 (2XP35S), and NOS without an enhancer in 
ST195 (PNOS) (Figure 1).  
Constructs were first transferred to A. tumefaciens strain EHA101 (Hood et al., 
1986) via electroporation. Plasmid DNA of each construct was diluted to 10 ng/µl and 1 
µl was added to competent cells of EHA101. Competent cells were placed on ice for 30 
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minutes prior to electroporation. Electroporation was performed using a 0.1 mm cuvette 
with electroporation settings at 2.5 kV and 25 µF. After electroporation, 1 mL of yeast 
extract peptone (YEP) liquid media was used to rinse the cuvette and the 
Agrobacterium/YEP mixture was transferred to a 15 mL falcon tube and placed in a 28°C 
shaker incubator at 250 rpm. After two hours, 100 µl of the mixture was plated on YEP 
solid medium containing 50 mg/L kanamycin and 100 mg/L spectinomycin 
(YEP+K50+Sp100), 28°C for two days. A single colony was picked up and transferred to 
a 200 mL flask containing 20 mL YEP+K50+Sp100. The flask was placed in a 28°C 
incubator overnight shaking at 250 rpm. Bacterial cultures were transferred to 50 mL 
centrifugation tubes and centrifuged for 10 minutes at 5000 rpm (5180 x g) prior to 
plasmid DNA isolation using a Qiagen® miniprep kit (Qiagen, Germany) according to 
the manufacturer. All constructs were confirmed by restriction enzyme digestion. 
Bacterial glycerol stocks were prepared by adding 500 µl of each Agrobacterium strain to 
500 µl of 60% glycerol and frozen in liquid nitrogen before storage at -80°C.  
Agrobacterium Preparation 
Bacterial culture was initiated from glycerol stock in 2 mL YEP+K50+Sp100 one 
day prior to use. The culture was grown overnight at 28°C shaking at 250 rpm. The 
initiating culture was removed and stored at 4°C until further use. Agrobacterium from 
the initiating culture was added to a 1000 mL flask containing 100 or 200 mL 
YEP+K50+Sp100 (the amount of YEP+K50+Sp100 used for experimentation was 
dependent on the number of replications completed at a time within an independent 
experiment, 100 mL was used in independent experiments with two replications and 200 
mL was used in independent experiments with four replications). Flasks were placed in a 
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28°C incubator shaking at 250 rpm and grown overnight until OD620 = 0.8-1.0. Then, 50 
mL of Agrobacterium culture was placed in a 50 mL centrifugation tube and centrifuged 
at 5200 rpm (5603 x g) for 25 minutes at 22°C. Following centrifugation, supernatant 
was discarded and tubes were placed with the open end on a sterile paper towel to allow 
any remaining supernatant to drain. The inside of tubes were wiped with a sterile paper 
towel and 25 mL of infection media (media described below) was added to each tube. 
The Agrobacterium/infection media was placed on a rotary shaker shaking at room 
temperature (22°C to 25°C) for at least 30 minutes prior to use for infection at 
approximately 120 rpm. Each construct was used for at least three independent 
experiments with a minimum of two replications within an experiment. 
Media 
Media used is identical to that of A. tumefaciens transformation using half seed 
explants with regeneration from the cotyledonary node (Paz et al. 2006; Luth et al., 2015) 
and the final concentrations used per liter is listed in Table 2. For all media preparation, 
stock vitamin mixtures and chemicals were stored according to manufacturer’s 
instructions. Working concentrations of hormones and antibiotics were prepared in 
advance, filter sterilized, and stored at -20°C with the exception of asparagine (MP 
Biomedicals, Santa Ana, CA), pyroglutamic acid (MP Biomedicals, Santa Ana, CA), L-
cysteine (Cys) (Sigma-Aldrich, St. Louis, MO), dithiothreitol (DTT) (Fisher, Hampton, 
NH), and 3’,5’-dimethoxy-4’-hydroxyacetophenone (acetosyringone) (AS) (Sigma-
Aldrich, St. Louis, MO). Asparagine and pyroglutamic acid were prepared together and 
stored at -4°C after filter sterilization whereas, Cys, DTT, and AS prepared immediately 
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prior to use. All media was sterilized by autoclaving for 30 minutes and allowed to cool 
to 55°C before further use. 
To prepare infection media, 1/10X Gamborg B5 Basal Medium (B5) 
(PhytoTechnology Laboratories, Overland Park, KS), 3.9 g/L 2-ethanesulfonic acid 
(MES) (Fisher, Hampton, NH), and 30 g/L sucrose (Fisher, Hampton, NH) were 
dissolved in water and the pH was adjusted to 5.4 prior to sterilization. After sterilization 
and immediately prior to adding infection media to the pelleted Agrobacterium as 
described above (Agrobacterium preparation), 40 mg/L AS, 1.67 mg/L 6-
benzylamionpurine (BA) (Sigma-Aldrich, St. Louis, MO), and 0.25 mg/L gibberellic acid 
(GA3) (Acros Organics, Belgium) (Table 2) were added to infection media. Co-
cultivation (CC) media contained identical components as infection media at pH 5.4 with 
the addition of 4.25 g/L noble agar (BD, Franklin Lakes, NJ) prior to sterilization. After 
sterilization, in addition to BA, GA3, and AS, 154.2 mg/L DTT and 400 mg/L Cys were 
added (Table 2). Approximately 10 mL of CC media was added to each 100 × 15 mm 
petri dish and a piece of sterile 7 cm filter paper (Fisher, Hampton, NH) was added to 
each plate after solidifying.  
Shoot induction media (SI) was prepared by dissolving 1X B5, 0.59 g/L MES, 
and 30 g/L sucrose in water and adjusting the pH to 5.7 prior to the addition of 7 g/L 
noble agar and sterilization. After cooling, 1.11 mg/L BA, 100 mg/L cefotaxime (Sanofi 
Aventis, France), 50 mg/L timentin (GlaxoSmithKline, United Kingdom), 50 mg/L 
vancomycin (Hospira, Lake Forest, IL), and 8 mg/L glufosinate (ChemService, West 
Chester, PA) (Table 2) were added. Approximately 35 to 40 mL was poured into 100 × 
20 mm petri dishes.  
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Shoot elongation (SE) media was prepared by dissolving 1X MS Modified Basal 
Medium with Gamborg Vitamins (MSB5) (PhytoTechnology Laboratories, Overland 
Park, KS), 0.59 g/L MES, and 30 g/L sucrose in water prior to adjusting the pH to 5.7. 
After pH adjustment, 7g/L noble agar was added and media was autoclaved prior to the 
addition of 0.5 mg/L GA3, 50/100 mg/L asparagine/pyroglutamic acid, 0.1 mg/L indole-
3-acetic acid (IAA) (Acros Organics, Belgium), 1 mg/L zeatin-riboside (Z-R) (RPI, 
Mount Prospect, IL), 100 mg/L cefotaxime, 50 mg/L timentin, 50 mg/L vancomycin, and 
8 mg/L glufosinate (Table 2). Approximately 40 to 45 mL media was poured into 100 × 
25 petri dishes. 
Rooting (R) media was prepared by dissolving 1/2X MSB5, 0.59 g/L MES, and 
20 g/L of sucrose in water prior to adjusting the pH to 5.6. After pH adjustment, 7g/L 
noble agar was added and the media was sterilized. After sterilization, 1 mg/L indole-3-
butyric acid (IBA) (PhytoTechnology Laboratories, Overland Park, KS) and 3 mg/L 
glufosinate were added (Table 2) to the media before pouring approximately 10 mL of 
the media into 2 mm diameter and 10 mm in height glass tubes with plastic caps 2.5 mm 
in diameter and 4 mm in height. 
Tissue Culture  
Tissue culture steps were followed according to Paz et al. (2006) and Luth et al. 
(2015). All tissue culture steps, including CC, SI, and SE were maintained at 24°C in a 
biological incubator (Percival) (Percival Scientific, Perry, IA) with 18:6 hour photoperiod 
(light:dark) under 17 watt fluorescent bulbs (Philips, Somerset, NJ) at 144.26 μmoles sec-
1 m-2. Seeds were dissected by cutting along the hilum to separate the seeds into two 
cotyledons using a number 15 scalpel blade (Feather, Japan) and the seed coat was 
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removed. The embryonic axis was trimmed to approximately three mm and the resulting 
half seed explants were transferred to a 100 × 25 mm petri dish. Agrobacterium/infection 
medium (25 mL) was added to approximately 100 half seeds, the dishes were covered 
with the lid, and left in a laminar flow bench for 30 minutes at room temperature (~28 to 
30°C). After the 30 minute infection, explants were removed from infection media with 
sterile forceps, placed adaxial side up on sterile paper towels, and transferred adaxial side 
down to petri dishes containing CC media (9 explants per plate). Plates were placed in 
plastic bags with slits cut to allow ventilation and placed in a biological incubator for five 
days.  
After five days of co-cultivation, sterile forceps were used to transfer explants 
from CC plates to sterile paper towels to remove any remaining excess liquid. Explants 
were then transferred to the first SI media by embedding the nodal end in the media (six 
explants per plate) and sealed with Micropore™ tape (3M, Maplewood, MN). After 14 
days on SI media, the primary shoot was removed from each explant with a sterile scalpel 
and explants were transferred to fresh SI media (six explants per plate) sealed with 
Micropore™ tape.  
Following 14 days on the second SI, half the cotyledon was removed and explants 
were transferred to SE media (five to six explants per plate). Every 14 days, the base of 
the explants were trimmed to expose fresh green tissue and transferred to fresh SE media 
(5 to 6 explants per plate) sealed with Micropore™ tape. Explants were transferred every 
14 days to fresh SE media until shoots were approximately two inches tall (with no more 
than six total passage on SE media). When shoots reached two inches in height, shoots 
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were removed and placed in glass rooting tubes with the base of the shoot embedded in 
the rooting media.  
After rooting, plants were transferred to two inch pots with soil (Sunshine Redi-
Earth, Sun Gro, Agawam, MA) and transferred to the greenhouse. All plants were placed 
in 10 × 20 inch flats and covered with a humidome until plants were approximately four 
inches tall. Plants were tested for transformation by applying Liberty® solution (1.25 
mL/L of Liberty® (Bayer, Germany) herbicide, 1 mL/L of Tween 20 (Fisher, Hampton, 
NH), and 1000 mL of water) to the leaves after two trifoliate leaves opened. All Liberty 
resistant T0 plants (hereafter referred to as “events”) were transferred to one gallon pots 
and watered twice daily using a drip line until seeds set. All T0 plants that showed 
sensitivity to Liberty were discarded. 
Progeny Analysis 
All T0 seed producing plants were progeny tested by planting four seeds from 
each event individually in two inch pots placed in 10 × 20 inch flats. Seeds were covered 
with a humidome until shoots were approximately three inches in height. Plants were 
sprayed with a solution containing 1.25 mL/L of Liberty® herbicide, 1 mL/L of Tween 
20, and 1000 mL of water when the first trifoliate leaves were fully open. Plants were 
sprayed again two days after the first spraying and scored for resistance and sensitivity 
after approximately one week. Leaves were collected from each resistant plant in an 
event and pooled together for DNA extraction from sampled resistant leaves. Polymerase 
chain reaction (PCR) was conducted on each resistant event (PCR analysis described 
below). For events identified as sensitive (events in which all plants were sensitive) in the 
first planting, 8 to 16 additional seeds were planted and sprayed to confirm sensitivity. 
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Leaves from resistant plants in the second testing were sampled and PCR was conducted. 
For T-DNA copy number estimation, a maximum of four additional seeds for all events 
with seeds available were planted as described for DNA extraction and all germinating 
seeds were sprayed with herbicide. All resistant plants within an event were sampled and 
DNA was extracted for quantitative real time PCR (qPCR) analysis (quantitative real-
time PCR (qPCR) analysis described below). For events with multiple resistant T1 plants, 
DNA was extracted from each individual plant.  
PCR Analysis 
Analysis for the bar gene in the T0 and T1 generations was performed via PCR 
with primer sequences as follows: ACCATGAGCCCAGAACGACG and 
GCTGAAGTCCAGCTGCCAGAAAC. PCR settings were: 1) 95°C for 3 minutes, 2) 
95°C for 30 seconds, 3) 62°C for 30 seconds, 4) 72°C for 30 seconds and steps 2 through 
4 were repeated 33 times, 5) 72°C for 10 min, and 6) 4°C hold. The PCR product is 
approximately 430 base pairs. 
Quantitative Real-Time PCR (qPCR) Analysis 
Quantitative Real-Time Polymerase Chain Reaction (qPCR) was generously 
performed by Dr. Keunsub Lee, Plant Transformation Facility, Iowa State University to 
estimate T-DNA copy numbers in the T1 transgenic soybean plants. Since the bialaphos 
resistance gene (bar) was included in T-DNA region of all tested constructs, a pair of 
oligonucleotides were designed for qPCR: bar-RT-F5 (5’-
TCAGCAGGTGGGTGTAGAGC-3’) and bar-RT-R5 (5’-
ATCGAGACAAGCACGGTCAA-3’). A single-copy gene GmLe1 (XP_003518800.1) 
was selected as a reference gene. A partial sequence of GmLe1 was PCR amplified using 
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the oligonucleotides GmLe1-F1 (5’-AGTCgagctcTGCATCACAGTGCAATTTAGC-3’) 
and GmLe1-R1 (5’-AGTCgaattcGCGATCGAGTAGTGAGAGTCG-3’) resulting in a 
946-bp fragment which was then cloned into pTF101.1 (Paz et al., 2004) and used to 
generate the standard curves for bar and GmLe1. GmLe1-RT-F1 (5’- 
AACGACGTCTTGGGATTTGG-3’) and GmLe1-RT-R1 (5’-
GTGTGGCAAATTGGAAGCAA-3’) were used for qPCR reactions for the reference 
gene. For qPCR reactions, 25 ng of genomic DNA was added to each reaction with 
QuantiTect SYBR master mix (Qiagen, Germany) and the reactions were carried out by 
Mx3005p qPCR system (Agilent, Santa Clara, CA). For each sample, qPCR reactions 
were repeated at least three times and the T-DNA copy numbers in the transgenic 
soybean plants were estimated based on the standard curves.  
Statistics 
Statistics was performed by using SAS version 9.4 proc MIXED procedure 
lsmeans and PDIFF for each data item compiling data for all replications within a 
construct to obtain an average across all replications for each construct and data item with 
significance declared at p < 0.05. Statistics performed for T-DNA copy number 
comparisons used a proc MIXED procedure lsmeans and PDIFF averaging all events 
within a construct. For events containing multiple samples after herbicide application for 
T-DNA analysis, copy number estimation was averaged across plants within an event. 
The average copy number for each event was then used to analyze the copy number of all 
events between constructs to obtain an average copy number. 
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Results and Discussion 
 The purpose of this research was to directly compare the NOS and CaMV 35S 
promoters with and without an enhancer driving the bar gene for selection to determine 
which promoter with or without an enhancer would result in the highest transformation 
efficiency. It was hypothesized that NOS with an enhancer would lead to the highest 
transformation efficiency. Segregation data and T-DNA copy estimation were obtained in 
the T1 generation. The following sections describe tissue culture data for the T0 
generation in addition to analysis of T1 plants. 
T0 Tissue Culture 
Multiple independent transformation experiments were performed using four 
constructs with the selectable marker bar gene driven by different promoter/enhancer 
combinations (Figure 1) including eight for ST41, 12 for ST131, 16 for ST194, and 12 
for ST195. Table 3 summarizes the experimental data including the total number of 
explants transferred at each key stage of tissue culture (infection, shoot induction, shoot 
elongation, and rooting) across all replications in addition to the overall regeneration 
frequency and transformation efficiency. The total number of explants infected for each 
construct was 760 for ST41, 1085 for ST131, 1429 for ST194, and 1094 for ST195. As a 
result of a higher number of replications for ST194, a higher total number of explants 
were infected and transferred through tissue culture (1384 to shoot induction and 998 to 
shoot elongation) compared to ST41 (735 to shoot induction and 508 to shoot 
elongation), ST131 (1044 to shoot induction and 784 to shoot elongation), and ST195 
(1054 to shoot induction and 582 to shoot elongation). However, ST131 had a higher 
total number of elongated shoots that were transferred to rooting media (248 shoots) and 
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produced roots (159) and seeds (65) compared to the ST41 (109 shoots, 55 with roots, 
and 18 with seeds), ST194 (180 shoots, 100 with roots, and 39 with seeds), and ST195 
(123 shoots, 71 with roots, and 25 with seeds). The regeneration percentage was based on 
the total number that produced roots and the total number transferred to shoot induction 
media for each construct. ST131 showed approximately two times higher overall 
regeneration at 15.2% compared to ST41 at 7.5%, ST194 at 7.2%, and ST195 at 6.7%. 
The T0 transformation efficiency was determined based on the total number of seed 
producing T0 plants and the number transferred to shoot induction media. The highest 
total T0 transformation efficiency was 6.2% for ST131 compared to 2.8% for ST194, 
2.4% for ST41, and 2.4% for ST195. 
The average number of explants per replication that were infected (89.3 to 95.0), 
number transferred to shoot induction (86.5 to 91.9), number transferred to shoot 
elongation (48.5 to 65.3), and number of shoots transferred to rooting (10.3 to 20.7) for 
each construct did not vary significantly between constructs (Table 4). Ideally, if a 
specific promoter and/or enhancer leads to a higher transformation efficiency, significant 
differences in the number of explants transferred throughout tissue culture would result 
(lower number of explants producing the highest number of shoots). However, the focus 
of this research was to compare the final transformation efficiency between constructs 
and all explants were transferred through tissue culture (shoot induction and elongation) 
until either a shoot elongated for transfer to rooting or until full necrosis of the explant 
occurred. As a result, while no significant differences were observed between constructs 
during tissue culture, no meaningful conclusion can be drawn on the ability of each 
construct to select throughout tissue culture. It is possible that differences in explant 
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growth would be observed with additional experimentation. Differences in callus growth 
have been reported in rice transformed via A. tumefaciens when comparing NOS and 
CaMV 35S driving selection of hpt with slower callus growth observed with NOS (Zhou 
et al., 2013). In A. tumefaciens mediated transformation of grape comparing a double 
CsVMV promoter to a single CsVMV and to a double CaMV 35S promoter, the largest 
callus and highest transformation efficiency was observed with the double CsVMV 
promoter (Li et al., 2001). Additional experiments are needed to more directly compare 
the ability ST41, ST131, ST194, and ST195 to select throughout tissue culture and 
determine if one promoter would more significantly reduce the number of explants at 
each stage of culture. Variation was observed between replications within a construct 
with some replications not developing any elongated shoots for rooting or producing 
seeds (Supplemental Table S1).  
When averaged across replications within a construct, significant differences were 
identified in the average number of shoots that rooted, significantly higher for ST131 
(13.3) compared to ST41 (6.9), ST194 (6.3), and ST195 (5.9). Averaged across 
replications, a significantly higher number of plants producing seeds was observed for 
ST131 (5.4) when compared to ST194 (2.4), ST41 (2.3), and ST195 (2.1). No significant 
differences were observed between ST41, ST194, and ST195 in the number rooted or 
produced seeds. Although there were no significant differences on the average number of 
shoots transferred to rooting, transformation with ST131 did result in highest average 
number of elongated shoots to be transferred to rooting media (20.7) which could explain 
the significantly higher average number that rooted for ST131. As a result of no detailed 
data collected on the ability of each construct to select throughout tissue culture, it is not 
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possible to determine if the significantly higher average number of rooted shoots and 
plants producing seeds is a result of the construct because of no significant differences 
were identified in the number transferred to rooting. However, significant differences in 
the number of shoots that rooted suggests ST131 provides higher ability for rooting. The 
regeneration percentage based on the mean number that rooted for each construct was not 
significantly different for ST41, ST194, and ST195, ranging from 7.0 to 7.7% but was 
significantly higher at 16.3% for ST131. The average T0 transformation efficiency across 
replications based on the mean number of plants producing seeds was significantly higher 
for ST131 at 6.1% compared to 2.8% for ST194, 2.5% for ST41, and 2.3% for ST195. As 
a result of the higher number of rooted shoots observed for ST131, it is logical that a 
significantly higher number of shoots produced seeds compared to the other constructs 
ultimately resulting in a higher T0 transformation efficiency. Previous work using ST41 
(pTF101.1) resulted in a T0 transformation efficiency of 4.5% for Williams82 (Paz et al., 
2006) compared to 2.5% (ST41) observed in this work (Table 4). While the efficiency in 
this research is lower than previously reported efficiency using an identical method, 
differences likely arise due to a different seed source from Paz et al. (2006). However, the 
same seed source was used for all experiments reported in this work and the significantly 
higher average T0 transformation efficiency with of ST131 compared ST41, ST194, and 
ST195 suggests higher ability of ST131 to drive selection of the bar gene in A. 
tumefaciens transformation of soybean.  
The integration of the bar gene was confirmed in the T0 generation on plants that 
rooted and continued growth in the greenhouse (Table 3). Differences were observed in 
the total number of plants PCR analyzed between constructs ranging from 27 to 78 
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plants. However, the total percentage of T0 plants analyzed was similar between 
constructs ranging from 38 to 49.1% of plants. The total number of plants confirmed to 
contain bar was highest for ST131 (58 plants) compared to ST194 (25 plants), ST195 (19 
plants), and ST41 (16 plants). The total percentage of T0 plants confirmed for bar ranged 
for constructs, the highest was 74.4% for ST131, whereas ST41, ST194, and ST195 
ranged from 55.9 to 65.8%. The total number of T0 plants producing seeds varied across 
constructs (18 to 65 plants), but the total percentage of T0 plants producing seeds was 
similar for constructs (32.7 and 40.9%). The total number of T0 plants that were both 
PCR analyzed and producing seeds was the highest for ST131 with 51 plants and ranged 
from 14 to 29 for ST41, ST194, and ST195. The total percentage of plants that were PCR 
analyzed and produced seeds was similar across constructs ranging from 74.4 to 84% 
with the highest percentage for ST195. The total number PCR tested, percentage PCR 
tested, number positive, percentage positive, percentage producing seeds, and number 
both PCR tested and producing seeds were all higher for ST131 compared to ST41, 
ST194, and ST195 (Table 3), consistent with a higher total number of plants rooted and 
producing seeds for ST131. The total percentage that were PCR tested and producing 
seeds was highest for ST195. Similar to the differences observed between replications in 
the development of shoots for rooting and seed productions (Supplemental Table S1), 
differences were observed between replications within a construct in the number of T0 
plants PCR analyzed and producing seeds (Supplemental Table S2).  
Significant differences were identified between constructs when PCR and seed 
production data was averaged across replications within a construct. A significantly 
higher average number of ST131 (6.5 events per replication) events were PCR analyzed 
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compared to ST41, ST194, and ST195 (2.4 to 3.4 events per replication), however, no 
significant differences were identified between constructs in the mean percentage of T0 
plants PCR analyzed (34.7 to 52.3%). The average number of events confirmed to 
contain bar was significantly higher for ST131 (4.8 per replication) compared to ST41 
(2.0 per replication), ST194 (1.6 per replication), and ST195 (1.6 per replication), no 
significant differences existed between ST41, ST194, and ST195. Additionally, no 
significant differences were identified in the average percentage of T0 confirmed to 
contain bar across replications between any of the constructs (38.2 to 61.0%). Regarding 
seed production, a significantly higher average number of plants producing seeds was 
observed for ST131 (5.4) compared to ST194 (2.4), ST41 (2.3), and ST195 (2.1). 
However, no significant differences were identified between constructs in the average 
percentage that produced seeds (27.4 to 50.2%). A significantly higher average number 
of T0 plants PCR analyzed and producing seeds was identified for ST131 (4.3) compared 
to ST41 (1.8), ST194 (1.8), and ST195 (1.8), but no significant differences existed in the 
average percentage of events that were both PCR analyzed and produced seeds between 
constructs (52.0 to 72.6%). Across replications, a significantly higher number of T0 
plants were PCR analyzed, confirmed to contain bar, and both PCR analyzed and 
produced seeds for ST131 (Table 4) that can likely be accounted for in the higher average 
number that rooted for ST131. From this research it cannot be determined if it is a result 
of better selection throughout tissue culture when using ST131 because no significant 
differences in the average number of shoots to rooting were identified. No significant 
differences existed between constructs in the percentage of T0 plants that were PCR 
analyzed, confirmed to contain bar, or both PCR analyzed and producing seeds. 
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However, the significantly higher average T0 transformation efficiency per replication of 
ST131 does indicate a higher ability of NOS with the tobacco etch viral enhancer to lead 
to transformed soybean plants.  
T1 Analysis 
For T1 progeny analysis (Table 3) a higher total number of events were planted 
for ST131 (65) compared to ST194 (39), ST195 (25), and ST41 (18). The total number of 
seeds germinated was similar to the total number of T0 producing seeds, however, lower 
germination was observed with ST194 (31 germinated while 39 produced seeds), 
compared to ST41 (18 germinated while 18 produced seeds), ST131 (64 germinated 
while 65 produced seeds), and ST195 (23 germinated while 25 produced seeds). 
Consistently, the total percentage of germinated events was 79.5% for ST194 compared 
to 92 to 100% for ST41, ST131, and ST195. After herbicide application (described in 
Materials and Methods), the number of herbicide resistant events were recorded. The 
highest total number of resistant events was observed for ST131 (37) and lower for 
ST194 (23), ST195 (11), and ST41 (10). The greatest total percentage of resistant events 
based on the total number resistant and the total number germinated was 74.2% for 
ST194 compared to 57.8% for ST131, 55.6% for ST41, and 47.8% for ST195. 
Confirmation of the bar gene via PCR in all T1 resistant events, showed the highest total 
number of events resistant and confirmed to contain bar via PCR was 37 events for 
ST131, compared to ST194 with 22, ST195 with 10, and ST41 with 10. The difference in 
the number identified as herbicide resistant (11) and confirmed to contain bar (10) for 
ST195 is likely a result of incorrectly recording T1 as resistant when signs of resistance 
and sensitivity were observed. Additionally for ST194, one sample was unable to be 
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analyzed via PCR resulting in the event being counted as negative for bar resulting in a 
total of 22 events confirmed to contain bar by PCR compared to 23 events scored as 
resistant. The total percentage of events confirmed to contain bar was lowest for ST195 
at 43.5%, ST41 at 55.6%, ST131 at 57.8%, the highest for ST194 to at 71.0%. As a result 
of differences between replications within constructs in shoot development for rooting 
and seed production (Supplemental Tables S1 and S2), differences were also observed 
between replications in T1 analysis in the number of events planted and confirmed for 
bar via PCR (Supplemental Table S3).  
Analysis of T1 plants averaged across replications (Table 4) showed the average 
number of events planted per replication was significantly higher for ST131 (5.4) 
compared to ST194 (2.4), ST41 (2.3) and ST195 (2.1), consistent with the significantly 
higher average number of T0 plants producing seeds for ST131. Additionally, a 
significantly higher average number of events germinated for ST131 (5.3 events per 
replication), over twice as many when compared to ST41 (2.3 events per replication), 
ST194 (1.9 events per replication), and ST195 (1.9 events per replication). However, no 
significant differences were identified in the percentage that germinated between 
constructs, but ST131 showed an average of 90.6% germination, ST41 75.0%, ST195 
55.8%, and ST194 55.2% germination. The average number of events that were herbicide 
resistant was significantly higher for ST131 with 3.1 plants showing resistance per 
replication compared to 1.4 for ST194, 1.3 for ST41, and 0.9 for ST195 consistent with 
the significantly higher average number of shoots that rooted and produced seeds. There 
were no significant differences in the average percentage of herbicide resistant events 
based on the number resistant and that number of events that germinated between 
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constructs (34.4 to 55.2%). The average number of events confirmed to contain bar and 
were herbicide resistant was significantly higher for ST131 (3.1) compared to ST194 
(1.4), ST41 (1.3), and ST195 (0.8), but no significant differences were identified in the 
percentage that were PCR positive based on the number of germinated events (33.1 to 
55.2%). The average number of herbicide resistant events and the average number of 
PCR positive and herbicide resistant events of ST131 can partially be explained by the 
significantly higher number of T0 that produced seeds for ST131 as a result of no 
significant differences in the number to rooting. There were no significant differences in 
the percentage that germinated across events so the constructs did not affect the 
germination. There were also no significant differences in the percentage of analyzed 
events that were herbicide resistant or bar positive across replications between constructs. 
The lack of significant differences between constructs in the percentage of events 
confirmed to contain bar provides support for the possibility that the significantly higher 
number of T1 events both herbicide resistant and confirmed to contain bar from ST131 
can be explained by a higher number of T0 events to analyze. As a result of the inability 
to determine if ST131 provided better selection throughout tissue culture and no 
significant differences in the average number to rooting, it is difficult to determine if 
ST131 provides better selection yielding more bar positive and resistant events. The 
significantly higher average number per replication of events resistant and PCR positive 
could be explained by the significantly higher number that rooted. However, a tendency 
(P = 0.0763) was observed in the number of shoots developed for rooting for ST131 
(Table 4) suggesting that the construct does provide better selection in tissue culture. 
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An overall data analysis (Table 3) for total number of plants confirmed to contain 
bar via PCR in both T0 and T1 ranged from 3 to 27. The highest total number of T0 and 
T1 bar positive plants was observed for ST131 (27). The total number of T1 events that 
were confirmed bar positive for each construct was used to calculate the total overall 
transformation efficiency. The highest transformation efficiency was observed for ST131 
at 3.5%, ST194 an efficiency of 1.6%, ST41 an efficiency of 1.4%, and ST194 with an 
efficiency of 1.0%.  
A significantly higher number of both T0 and T1 events confirmed to contain bar 
was identified for ST131 averaging 2.3 per replication compared to 0.8 for ST194, 0.5 for 
ST195, and 0.4 for ST41 (Table 4). Overall analysis across all replications between 
constructs showed a significantly higher overall transformation frequency of 3.5% for 
ST131 (PNOS+E) compared to the other constructs with no significant differences in the 
efficiency of 1.4% for ST41 (2XP35S+E), 1.6% for ST194 (2XP35S), and 1.0% for 
ST195 (PNOS) observed. While differences were not observed in the percentage of the 
events that were herbicide resistant and confirmed bar positive, the overall T1 
transformation frequency is based on the number of starting explants and showed a 
significantly higher ability for NOS with enhancer (ST131) to lead to transformed T1 
events. For transformation of soybean using the half seed protocol in this research, 
transformation efficiency using pTF101.1 for Williams82, T1 efficiency has been 
reported to be 2.5% (Paz et al., 2006) compared with 1.2% in this work (Table 4). T1 
efficiency is directly related to the T0 transformation efficiency which also differed from 
Paz et al. (2006) likely due to differences in seed source. However, NOS with enhancer 
(ST131) showed a higher overall average transformation frequency of 3.5%, significantly 
53 
 
 
higher than ST41, ST194, and ST195. However, it remains to be determined if the 
significantly higher transformation efficiency is a result of better selection resulting from 
no significant differences in the number of shoots that were rooted between constructs. 
Although a tendency was observed of ST131 providing a higher number of elongated 
shoots (P = 0.0763) indicating possible higher ability for shoot development and 
elongation. 
In transformation of petunia via A. tumefaciens, comparison of NOS and CaMV 
35S promoters driving nptII, higher nptII RNA transcripts and enzyme activity were 
reported with CaMV 35S compared to NOS in regenerated plantlets (Sanders et al., 
1987). In comparisons of CaMV 35S and NOS in the callus stages of transformation of 
tobacco, sugarbeet, and oilseed rape, the CaMV 35S was 20 to 25 times stronger than 
NOS for all species (Harpster et al., 1988). An enhanced NOS promoter showed higher 
promoter strength in A. tumefaciens transformation of sugar beet compared to an 
enhanced CaMV 35S promoter driving selection using mannose. However, very similar 
transformation frequency of 0.44% with the enhanced NOS promoter compared to 0.41% 
with the enhanced CaMV 35S (Joersbo et al., 2000) inconsistent with the results obtained 
in this work, NOS with enhancer resulted in a significantly higher transformation 
efficiency when compared to CaMV 35S with an enhancer. Although direct comparisons 
cannot be made to the research herein, a double CaMV 35S with enhancer was used in 
the present research, NOS with enhancer showed a significantly higher transformation 
efficiency (Table 4). In rice transformation via A. tumefaciens, the double CaMV 35S 
was compared to NOS promoter driving selection using hpt resulting in similar 
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transformation rates (Zhou et al., 2013), consistent with the no significant differences in 
the average T1 transformation efficiency observed in ST194 and ST195 (Table 4). 
 The higher transformation efficiency of the NOS promoter with enhancer, 3.5%, 
(Table 4) shown in this research could be due to the wound response of the NOS 
promoter. Previous work in transgenic tobacco containing NOS driving CAT expression 
showed the wounding of transgenic plants significantly increased CAT activity. 
Additionally, NOS was also shown to be auxin (2-4,D, NAA, IAA, or IBA) inducible but 
no significant response was seen with the application of cytokinins (BA, ABA, or GA3) 
(An et al. 1990). In the splitting of seeds, each half seed is wounded as a result of cutting 
the seeds in half (no additional wounding was performed prior to infection) and 
expression of the constructs containing the NOS promoter could have been initially 
increased. Additionally, auxins are included in shoot elongation (IAA) and rooting media 
(IBA) possibly explaining the tendency towards  higher number of elongated shoots for 
rooting (P = 0.0763, Table 4) and the significantly higher number of shoots that rooted 
with ST131 (P = 0.0344, Table 4). No measurements on promoter activity were made on 
explants early in tissue culture so this cannot be directly compared. However, ST131 and 
ST195 both contained PNOS and only ST131 (PNOS+E) showed significant difference 
from the 2XP35S and 2X35S+E. When the enhancer was not added to NOS, the lowest 
transformation efficiency resulted (Table 4).  
The tobacco etch viral enhancer increased the transformation rate significantly, 
(3.5 fold), for the NOS promoter (ST131) when compared with the NOS promoter 
without an enhancer (ST195) (Table 4). In tobacco, fivefold increases in GUS expression 
have been observed as a result of the enhancer of the tobacco etch virus (Carrington & 
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Freed, 1990). Comparing ST131 (PNOS+E) to ST41 (2XP35S+E) a significantly higher 
transformation efficiency resulted for ST131 at 3.5% compared to 1.4% for ST41 (Table 
4). In contrast, similar transformation efficiency has been observed when using an 
enhanced NOS promoter and an enhanced CaMV 35S in A. tumefaciens transformation 
of sugar beet although the NOS promoter was observed to be stronger (Joersbo et al., 
2000). For tested promoters using the CaMV 35S, in both cases, the promoter was 
doubled. The lower transformation efficiency of both the 2XP35S+E and 2XP35S (Table 
4) compared to PNOS could be a result of transgene interference reported in A. 
tumefaciens transformation of Arabidopsis as a result of the enhancer of the CaMV 35S 
(Yoo et al., 2005). Although the final transformation efficiencies were not different in 
Joersbo et al. (2000), the enhanced NOS was shown to be stronger than the enhanced 
CaMV 35S while Harpster et al. (1988) observed the CaMV 35S stronger than NOS. This 
possibly suggests the enhancement to NOS promoter increases promoter strength more 
than that of enhancement to CaMV 35S. Although, without being enhanced, CaMV 35S 
is much stronger than NOS. The overall average transformation frequency of PNOS+E 
(ST131) was 3.5% significantly higher than the 1.4% observed 2XP35S+E (ST41) (Table 
4). Although not significant, the 2XP35S (ST194) did show 0.6% higher average 
transformation efficiency than PNOS (ST195) (Table 4). 
The significantly higher average number of shoots that rooted resulting from the 
NOS promoter with an enhancer (ST131) could be explained by tissue specificity of the 
NOS promoter. In A. tumefaciens transformation of tobacco, the NOS promoter showed 
higher activity in the roots compared to the hypocotyls and cotyledons with higher 
activity in older tissue (An et al., 1988). This cannot however fully account for the 
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significantly higher number of ST131 shoots that rooted as a result of no significant 
differences in the number of shoots that rooted in ST195 compared to ST41 and ST194. 
Additionally, the CaMV 35S promoter has shown expression in most tissues in A. 
tumefaciens transformation of alfalfa (Samac et al., 2004), tobacco (An et al., 1988), and 
rapeseed (Stefanov et al., 1994) and enhanced double CaMV 35S has shown expression 
in all tissue in grape transformed via A. tumefaciens (Li et al., 2001) but significantly 
higher rooting was not observed for ST41 or ST194 compared to either of the NOS 
containing constructs (ST131 and ST195). 
The significantly higher number of plants that rooted across replications and the 
overall transformation efficiency of the PNOS+E (ST131) (Table 4) could be explained 
because of differences between the promoters in regulatory regions that are essential for 
full promoter activity. Early deletion analysis on the CaMV 35S promoter identified the 
region of the TATA box, region including a CCAAT like box, and a region including 
three elements that showed homology to an SV40 enhancer essential to promoter activity 
(Ow et al., 1987). Additional work divided the enhancer region into three regions needed 
for maximal promoter activity with each region accounting for varying amounts of 
promoter activity (Fang et al., 1989). The regions of the CaMV 35S promoter were 
divided into domain A (including the CCAAT and TATA boxes) and domain B 
(including enhancers), both needed for maximal promoter expression across tissues and 
developmental stages (Benfey et al., 1989) with five subdomains containing active cis 
elements in domain B (Benfey et al., 1990). The enhancer of the CaMV 35S has been 
shown to cause transgene interference in A. tumefaciens transformation of Arabidopsis 
(Yoo et al., 2005). As a result of significant differences observed with the CaMV 35S 
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promoter compared to NOS, the duplication of the promoter and thus the enhancer region 
could have contributed to the lower transformation efficiency (Table 4).  
Deletion analysis of the NOS promoter identified that the TATA box, CCAAT, 
and an upstream element needed for full promoter activity (An et al., 1986). The 
upstream element was identified as a Z region critical to promoter activity containing a b 
important for maximal promoter activity (Ebert et al., 1987). Three regulatory regions 
needed for promoter function include the Z element, an upstream b element, and a 
downstream b element (Mitra & An, 1989; Kim et al., 1994). The Z element was shown 
to be essential for the wound and auxin response of the NOS promoter (An et al., 1990; 
Kim et al., 1994). Compared to CaMV 35S, NOS does not contain as many enhancer 
elements and contains a region providing wound response which could partially explain 
the significantly higher efficiency of NOS with enhancer (ST131) compared to ST41, 
ST194 and ST195. However the lack of significant difference of NOS without an 
enhancer (ST195) from the CaMV 35S promoters (ST41 and ST194) suggests the wound 
response cannot fully explain the significantly higher transformation efficiency response 
of NOS with enhancer (Table 4). 
Segregation Analysis 
 Segregation analysis for each construct showed the majority of events followed 
the expected 3:1 segregation ratio (Tables 5 to 8). No events were identified for ST41 
differing significantly from the expected 3:1 segregation ratio with X2 values ranging 
from 0.07 to 3.27 (Table 5). Copy number of seven of the events was estimated on the T1 
generation and ranged from 1.80 to 11.64 copies of bar (Tables 5 and 9). Segregation 
analysis of ST131 identified three events differing significantly from the expected 3:1 
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segregation ratio, ST131B-6 with two resistant T1 compared to ten sensitive, ST131D-25 
with three resistant and four sensitive, and ST131D-61 with two resistant and four 
sensitive (Table 6). Copy number estimated for 32 of the events showed copies of bar 
integrated ranged from 1.23 to 17.02 (Tables 6 and 9). For segregation analysis of ST194, 
two events differed from the expected 3:1 ratio, ST194A-9 with three resistant and six 
sensitive and ST194D-46 with three resistant and four sensitive (Table 7). Individual bar 
copy number for ST194 ranged from 1.25 to 31.01 for 16 events (Tables 7 and 9). 
Segregation analysis of ST195 identified one event differing significantly from the 
expected 3:1 ratio, ST195C-30 with one resistant and 14 sensitive (Table 8). Copy 
number for five events ranged from 2.43 to 11.51 (Tables 8 and 9). Overall, segregation 
analysis regardless of the promoter, did not vary significantly from the expected 3:1 ratio. 
Copy Number Analysis 
Copy number of the bar gene was estimated on seven T1 events for ST41, 32 for 
ST131, 16 for ST194, and five for ST195 (Table 9). The average copy number was 
similar for all constructs with no significant differences between constructs in the average 
copy number (P = 0.9329). The minimum copy number was similar for constructs (one or 
two copies). However, variation was observed in the maximum copy number identified in 
T1 plants at 12 for ST41, 17 for ST131, 31 for ST194, and 12 for ST195 (Table 9). 
Additionally, the percentage of events containing one, two to three, four to five, six to 
ten, or over eleven copies varied by construct (Table 10). For ST41 and ST195, the 
highest percentage of events contained two to three copies. ST131 showed the highest 
percentage of events contained two to three copies as contained six to ten copies. For 
ST194, the highest percentage of events contained four to five transgene copies. 
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Furthermore, when comparing ST41, ST131, ST194, and ST195, ST194 had the highest 
percentage of events containing single transgene copies (12.50%) and of events 
containing four to five transgene copies (43.75%), ST195 had the highest percentage of 
events containing two to three transgene copies (60.0%) and over eleven transgene copies 
(20.0%), and ST131 had the highest percentage of events with six to ten transgene copies 
(31.25%) (Table 10). 
Promoter comparisons of copy number in A. tumefaciens transformation of 
soybean have not been reported, however, copy number has been shown to affect 
expression of transgenes. In tobacco transformed via A. tumefaciens with CaMV 35S 
driving GUS, lower GUS activity was observed in plants containing multiple copies of 
transgenes (Hobbs et al., 1990). For A. tumefaciens transformation of tobacco, single 
transgene copies resulted when the CaMV 35S promoter was used (Kálai et al., 2008), 
similar to the results in this work, ST194 had the highest percentage of single copy events 
(Table 10). In A. tumefaciens transformation of petunia, analysis of T-DNA copy number 
showed the majority of plants transformed with CaMV 35S had one transgene copy and 
higher nptII transcripts, while about equal number of plants had one copy as had two 
when transformed with NOS with lower nptII transcripts (Sanders et al., 1987) compared 
to CaMV 35S constructs in this work with the highest percentage of events for ST41 
containing two to three copies and for ST194 containing four to five copies. For NOS 
constructs, for ST131, the highest percentage of events contained two to three copies as 
contained six to ten and for ST195, the highest percentage of events contained four to 
five copies. Transformation via A. tumefaciens of a model fruit tree rootstock (Prunus 
incisa x serrula) using a single construct with the CaMV 35S promoter driving GUS 
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expression and NOS driving nptII expression. GUS copy number was observed to be five 
to six, while nptII copy number was five to seven (Maghuly et al., 2008). A significantly 
higher number of maize plants transformed via bombardment with the CaMV 35S 
showed low copy number (one or two) compared to Actin showing a significantly higher 
number of multiple copy plants (Prakash et al., 2008). In rice, low copy (one to two) 
number was also observed when using CaMV 35S (Battraw and Hall, 1990). In the 
transformation of rice callus via A. tumefaciens, the double CaMV 35S and NOS 
promoters driving selection using hpt, two copies were observed for the CaMV 35S with 
at least four from NOS and in the progeny with four to eight bands for NOS and only two 
with CaMV 35S (Zhou et al., 2013). In this work, within the double CaMV 35S (ST194), 
the highest percentage of events contained four to five copies compared to NOS (ST195) 
with the highest percentage of events containing two to three copies. 
Although methylation patterns were not examined, the differences in the number 
of resistant events across constructs could be explained by methylation patterns in plants 
with varying copies of transgenes. In A. tumefaciens transformation of sweet orange, 
when using CaMV 35S, multiple transgene copies led to higher methylation in addition to 
lower transcript levels of GFP and nptII in plants compared to plants with only one 
transgene (Fan et al., 2011). In A. tumefaciens transformation of tobacco with CaMV 35S 
driving GUS expression, generally higher methylation was observed in the T-DNA of the 
plants showing low GUS activity and multiple T-DNA copies (Hobbs et al., 1990). In 
tobacco transformed via A. tumefaciens with CaMV 35S, higher GUS expression was 
observed in plants with single T-DNA copies and higher methylation was observed in the 
low GUS expressing plants (Hobbs et al., 1993). Higher methylation was observed in 
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CaMV 35S and NOS in wild tobacco transformed via A. tumefaciens in plants that 
showed sensitivity to hygromycin (Weinhold et al., 2013). Arabidopsis used for A. 
tumefaciens transformation showed lower methylation in lines showing resistance over 
generations than in sensitive lines (Kilby et al., 1992). Transformation of tobacco via A. 
tumefaciens showed that gene silencing was correlated to DNA methylation (Ingelbrecht 
et al., 1994). Transformation of Gentian (Gentiana triflora x Gentiana scabra) via A. 
tumefaciens with GFP driven by the CaMV 35S was used to compare methylation 
patterns of GFP expressing lines to lines with GFP silenced. Hypomethylation was seen 
in the promoter in the expressing line and hypermethylation was seen in the repressed 
line. Differences were also seen between lines in the histone modifications in the region 
of the promoter (Yamasaki et al., 2011). 
Future Directions 
A large number of promoters exist that could lead to higher transformation 
efficiency. Another A. tumefaciens promoter, mas, has shown higher expression in roots 
than other tissue in A. tumefaciens transformation of tobacco (Sanger at al., 1990). The 
mas promoter has shown higher GUS activity in the cotyledons of A. tumefaciens 
transformed rapeseed seedlings (Stefanov et al., 1994; Pauk et al., 1995). However, 
higher variation was seen for mas between seedlings than with the CaMV 35S (Stefanov 
et al., 1994). Additionally, the mas promoter has been found to be wound inducible, and 
inducible by both cytokinins and auxins A. tumefaciens mediated transformation of 
rapeseed (Pauk et al., 1995). In A. tumefaciens transformation of tobacco it was also 
shown that the mas promoter was wound inducible and regulated by auxins. Additionally, 
the mas promoter showed higher activity in callus grown on media with a high ratio of 
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auxin to cytokinins. Auxins alone were shown to be important for mas activity but the 
activity was enhanced when cytokinins were present (Langridge et al., 1989). The mas 
promoter could potentially lead to a greater transformation efficiency than NOS using the 
A. tumefaciens mediated half seed protocol used for this research described by Paz et al. 
(2006) and Luth et al. (2015) due to the presence of a cytokinin (BA) in the co-cultivation 
media and shoot induction possibly leading to higher expression early in tissue culture. In 
A. tumefaciens transformation of grape, the CsVMV promoter showed equivalent 
expression to the enhanced double CaMV 35S and doubling the CsVMV further 
increased expression. Transformation efficiency with the CsVMV was 4.6% while the 
enhanced double CaMV 35S was 4.7%, however for the enhanced double CsVMV 
efficiency was 10.7% (Li et al., 2001). The CsVMV promoter has been shown to be have 
24 fold more GUS expression in leaves compared to the CaMV 35S in A. tumefaciens 
transformation of alfalfa (Samac et al., 2004). The FMV promoter has shown higher 
expression in A. tumefaciens transformation of tobacco than the CaMV 35S and the mas 
promoters and expression in all tissue (Sanger at al., 1990). The FMV promoter was also 
shown to be two fold stronger than the CaMV 35S for tobacco transformation 
(Bhattacharyya et al., 2002). For A. tumefaciens transformation of tobacco, the tobacco 
polyubiquitin promoter showed two times higher CAT expression than the CaMV 35S 
(Kang et al., 2003). For transformation of rice and wheat via electroporation and A. 
tumefaciens for tobacco, comparisons of the algal virus adenine methyltransferase (amt) 
gene fused to CAT and the CaMV 35S fused to CAT resulted in 15 fold higher CAT 
activity for tobacco, 16 fold higher for rice, and 20 fold higher for wheat from amt (Mitra 
& Higgins, 1994). Other promoter comparisons driving selection genes need to be made 
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to determine if a higher transformation efficiency can be obtained compared to that of the 
CaMV 35S and NOS promoters. 
It is possible that differences in explant growth could be observed with additional 
experimentation. In A. tumefaciens transformation of rice, slower callus growth was 
observed when using NOS compared to CaMV 35S, both driving selection using hpt 
(Zhou et al., 2013). However, no differences in calli growth have been observed in 
immature embryo transformation of maize via bombardment using the Actin1 and CaMV 
35S promoters (Prakash et al., 2008). For A. tumefaciens transformation of grape, a 
double CsVMV promoter resulted in larger calli and a higher transformation efficiency 
(10.7%), compared to the single CsVMV (4.6%), and the double CaMV 35S (4.7%) (Li 
et al., 2001). Additional experimentation is needed to more directly compare the ability 
ST41, ST131, ST194, and ST195 to select throughout tissue culture and determine if one 
promoter would significantly decrease the number of explants at each stage of culture. 
Segregation patterns in the T2 and T3 generations could be monitored to confirm 
gene integration in addition to monitoring the copy number to confirm stability. Future 
work could also focus on examination of bar expression and determine how expression 
correlates to copy number and segregation patterns. Higher nptII transcripts have been 
resulted when the CaMV 35S was used for A. tumefaciens transformation of petunia 
compared to NOS even though the majority of plants with CaMV 35S contained single 
copies while equal numbers transformed with NOS contained one or two copies (Sanders 
et al., 1987).  
The methylation pattern could additionally be examined to determine if any 
methylation occurs and affects expression as a result of the choice of promoters. When 
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tobacco was transformed via A. tumefaciens, lower GUS activity and higher methylation 
was observed in plants containing multiple transgenes (Hobbs et al., 1990). In 
transformation of sweet orange via A. tumefaciens using the CaMV 35S, plants 
containing showed higher methylation and lower GFP and nptII than plants containing 
single transgenes (Fan et al., 2011). Higher GUS expression has been observed in tobacco 
transformed via A. tumefaciens using the CaMV 35S with higher methylation in plants 
showing low GUS expression (Hobbs et al., 1993). In wild tobacco transformed via A. 
tumefaciens, plants that showed hygromycin sensitivity showed higher methylation for 
both the CaMV 35S and NOS promoters (Weinhold et al., 2013).  
Conclusions 
 In this study, four promoter/enhancer combinations were directly compared in 
soybean transformation using an A. tumefaciens half-seed transformation method. Our 
data indicate that a significantly higher transformation frequency resulted when the bar 
gene was under control of PNOS+E (6.1%), compared to PNOS (2.3%), 2XP35S+E 
(2.5%), and 2XP35S (2.8%). Additionally, consistent results were observed for the T1 
transformation efficiency with PNOS+E showing a significantly higher efficiency 
(3.5%), compared to and 2XP35S (1.6%), 2XP35S+E (1.4%), and PNOS (1.0%). 
Segregation mostly followed the expected 3:1 ratio. Additionally, no significant 
differences were identified in the average copy number between constructs. Direct 
promoter/enhancer comparison data does not exist in literature allowing the results 
presented in this study to contribute to future vector design for genetic transformation 
improvement in soybean.   
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Figure 1. Schematic map of a.) pTF101.1 (ST41) and b.) elements within the T-DNA borders of pTF101.1, 
pTF101.2 (ST131), pTF101.3 (ST194), and pTF101.4 (ST195). ST41 and ST194 contain a double CaMV 
35S promoter (2X35S). ST131 and ST195 contain a single NOS promoter (NOS). ST41 and ST131 contain 
the tobacco etch viral enhancer (E). All constructs contain the bar gene (bialaphos resistance) and the 
soybean vegetative storage protein terminator (TVSP). 
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Table 1. Size in base pairs of construct components located within the right and left T-DNA borders. 
 
1Enhancer: Tobacco etch viral enhancer. 
2Bar: bar gene providing resistance to bialaphos. 
3TVSP: soybean vegetative storage protein terminator. 
4Contains a double CaMV 35S promoter. 
5Contains a single NOS promoter.  
Construct ID Right border Promoter Enhancer1 Bar2 TVSP3 Left border 
101.14 ST414 25 687 145 561 500 321 
101.25 ST1315 26 618 130 548 560 321 
101.34 ST1944 26 746 0 548 560 321 
101.45 ST1955 26 618 0 548 560 321 
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Table 2. Media used for soybean transformation. 
1Co-cultivation. 
2Shoot Induction. 
3Shoot Elongation. 
4Rooting.  
 Media 
Component Infection CC1 SI2 SE3 R4 
Gamborg B5 Basal Medium (B5) 0.321 g/L 0.321 g/L 3.21g/L - - 
MS Modified Basal Medium with 
Gamborg Vitamins (MSB5) 
- - - 4.44 g/L 2.22 g/L 
2-ethanesulfonic acid (MES) 3.9 g/L 3.9 g/L 0.59 g/L 0.59 g/L 0.59 g/L 
Sucrose 30 g/L 30 g/L 30 g/L 30 g/L 20 g/L 
Noble Agar - 4.25 g/L 7 g/L 7 g/L 7 g/L 
pH 5.4 5.4 5.7 5.7 5.6 
Dithiothreitol (DTT) - 154.2 mg/L - - - 
L-Cysteine (Cys) - 400 mg/L - - - 
3’,5’-Dimethoxy-4’-hydroxyacetophenone 
(acetosyringone)(AS) 
40 mg/L 40 mg/L - - - 
6-Benzylaminopurine (BAP) 1.67 mg/L 1.67 mg/L 1.11 mg/L - - 
Gibberellic Acid (GA3) 0.25 mg/L 0.25 mg/L - 0.5 mg/L - 
Asparagine - - - 50 mg/L - 
Pyroglutamic acid - - - 100 mg/L - 
Indole-3-acetic acid (IAA) - - - 0.1 mg/L - 
Zeatin-riboside (Z-R) - - - 1 mg/L - 
Indole-3-butyric acid (IBA) - - - - 1 mg/L 
Cefotaxime (Claforan) - - 100 mg/L 100 mg/L - 
Timentin - - 50 mg/L 50 mg/L - 
Vancomycin - - 50 mg/L 50 mg/L - 
Glufosinate - - 8 mg/L 8 mg/L 3 mg/L 
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Table 3. The effect of the CaMV 35S and NOS promoters with and without an enhancer on soybean 
transformation efficiency across all replications. 
*1 sample resistant not PCR analyzed and counted as negative for PCR. 
1Regeneration = Number rooted / number to shoot induction × 100. 
2T0 Transformation efficiency = Number producing seeds / number to shoot induction × 100. 
3Percent PCR tested = Number PCR tested / number rooted × 100. 
4Percent PCR positive = Number PCR positive / number PCR tested × 100. 
5Percent producing seeds = Number producing seeds / number rooted × 100. 
6Percent PCR tested and producing seeds = Number PCR tested and producing seeds / number producing 
seeds × 100. 
7Percentage of events germinated = Number of events germinated / number of events planted × 100. 
8Percent of events herbicide resistant = Number of herbicide resistant events / number of events germinated 
× 100. 
9Percent of PCR positive events = Number of PCR positive events / number of events germinated × 100. 
10Overall transformation frequency = Number of PCR positive events / number to shoot induction × 100. 
Item ST41 ST131 ST194 ST195 
Promoter driving bar 
Enhancer 
2X 35S NOS 2X 35S NOS 
Yes Yes No No 
 
Transformation Experiments Summary 
Total number of replications 8 12 16 12 
Number of infected explants 760 1085 1429 1094 
Number to shoot induction 735 1044 1384 1054 
Number to shoot elongation 508 784 998 582 
Number to rooting 109 248 180 123 
Number rooted 55 159 100 71 
Number producing seeds 18 65 39 25 
Regeneration percent1 7.5 15.2 7.2 6.7 
T0 transformation efficiency2 2.4 6.2 2.8 2.4 
 
T0 Plantlets Analysis Summary 
Number rooted 55 159 100 71 
Number PCR tested 27 78 38 34 
Percent PCR tested3 49.1 49.1 38.0 47.9 
Number PCR positive 16 58 25 19 
Percent PCR positive4 59.3 74.4 65.8 55.9 
Number producing seeds 18 65 39 25 
Percent producing seeds5 32.7 40.9 39.0 35.2 
Number PCR tested and producing seeds 14 51 29 21 
Percent PCR tested and producing seeds6 77.8 78.5 74.4 84.0 
 
T1 Progeny Analysis Summary 
Number of events planted 18 65 39 25 
Number of events germinated 18 64 31 23 
Percentage of events germinated7 100.0 98.5 79.5 92 
Number of herbicide resistant events 10 37 23 11 
Percent of events herbicide resistant8 55.6 57.8 74.2 47.8 
Number of PCR positive and herbicide 
resistant events 
10 37 22* 10 
Percent of PCR positive events9 55.6 57.8 71.0 43.5 
 
Overall Analysis Summary 
Number of PCR positive T0 and T1 3 27 13 6 
Overall transformation frequency10 1.4 3.5 1.6 1.0 
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Table 4. Effect of the CaMV 35S and NOS promoters with and without an enhancer on mean soybean 
transformation efficiency. 
 
a, bDifferent letters within a row indicate significant differences in least squares means at P < 0.05. 
1Regeneration = Mean regeneration across replications calculated from the number rooted / number to 
shoot induction × 100 for each replication. 
2T0 Transformation efficiency = Mean transformation efficiency calculated from the number producing 
seeds / number to shoot induction × 100 for each replication. 
3Percent PCR tested = Mean percent PCR tested calculated from the number PCR tested / number rooted × 
100 for each replication. 
4Percent PCR positive = Mean percent PCR positive calculated from the number PCR positive / number 
PCR tested × 100 for each replication. 
5Percent producing seeds = Mean percent producing seeds calculated from the number producing seeds / 
number rooted × 100 for each replication. 
Item ST41 ST131 ST194 ST195 P-value 
Promoter driving bar 
Enhancer 
2X 35S NOS 2X 35S NOS N/A 
Yes Yes No No N/A 
 
Transformation Experiments Summary 
Total number of replications 8 12 16 12 N/A 
Number of infected explants 95.0±4.2 90.4±3.4 89.3±3.0 91.2±3.4 P = 0.7383 
Number to shoot induction 91.9±3.5 87.0±2.9 86.5±2.5 87.8±2.9 P = 0.6440 
Number to shoot elongation 63.5±8.0 65.3±6.6 62.4±5.7 48.5±6.6 P = 0.2652 
Number to rooting 13.6±3.7 20.7±3.1  11.3±2.6 10.3±3.1 P = 0.0763 
Number rooted 6.9±2.4 b 13.3±2.0 a 6.3±1.7 b 5.9±2.0 b P = 0.0344 
Number producing seeds 2.3±0.9 b 5.4±0.8 a 2.4±0.7 b 2.1±0.8 b P = 0.0108 
Regeneration percent1 7.7±3.1 b 16.3±2.6 a 7.3±2.2 b 7.0±2.6 b P = 0.0371 
T0 transformation efficiency2 2.5±1.1 b 6.1±0.9 a 2.8±0.7 b 2.3±0.9 b P = 0.0098 
 
T0 Plantlets Analysis Summary 
Number rooted 6.9±2.4 b 13.3±2.0 a 6.3±1.7 b 5.9±2.0 b P = 0.0344 
Number PCR tested 3.4±1.2 b 6.5±1.0 a 2.4±0.8 b 2.8±1.0 b P = 0.0136 
Percent PCR tested3 42.5±11.5 52.3±9.4 34.7±8.1 38.5±9.4 P = 0.5484 
Number PCR positive 2.0±0.9 b 4.8±0.7 a 1.6±0.6 b 1.6±0.7 b P = 0.0066 
Percent PCR positive4 38.2±13.1 61.0±10.7 49.9±9.3 40.7±10.7 P = 0.4756 
Number producing seeds 2.3±0.9 b 5.4±0.8 a 2.4±0.7 b 2.1±0.8b P = 0.0108 
Percent producing seeds5 32.7±12.2 50.2±10.0 38.5±8.6 27.4±10.0 P = 0.4294 
Number PCR tested and producing 
seeds 
1.8±0.8 b 4.3±0.6 a 1.8±0.5 b 1.8±0.6 b P = 0.0141 
Percent PCR tested and producing 
seeds6 
59.4±14.2 72.6±11.6 52.0±10.0 52.7±11.6 P = 0.5446 
 
T1 Progeny Analysis Summary 
Number of events planted 2.3±0.9 b 5.4±0.8 a 2.4±0.7 b 2.1±0.8 b P = 0.0108 
Number of events germinated 2.3±0.9 b 5.3±0.7 a 1.9±0.6 b 1.9±0.7 b P = 0.0031 
Percentage of events germinated7 75.0±14.9 90.6±12.2 55.2±10.5 55.8±12.2 P = 0.1201 
Number of herbicide resistant events 1.3±0.6 b 3.1±0.5 a 1.4±0.4 b 0.9±0.5 b P = 0.0133 
Percent of events herbicide resistant8 41.9±14.1 55.2±11.5 47.9±9.9 34.4±11.5 P = 0.6251 
Number of PCR positive and 
herbicide resistant events 
1.3±0.6 b 3.1±0.5 a 1.4±0.4 b 0.8±0.5 b P = 0.0088 
Percent of PCR positive events9 41.9±13.7 55.2±11.2 44.8±9.7 33.1±11.2 P = 0.5807 
 
Overall Analysis Summary  
Number of PCR positive T0 and T1 0.4±0.4 b 2.3±0.4 a 0.8±0.3 b 0.5±0.4 b P = 0.0031 
Overall transformation frequency10 1.4±0.7 b 3.5±0.6 a 1.6±0.5 b 1.0±0.6 b P = 0.0126 
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6Percent PCR tested and producing seeds = Mean percent PCR tested and producing seeds calculated from 
the number PCR tested and producing seeds / number producing seeds × 100 for each replication. 
7Percentage of events germinated = Mean percentage of events germinated calculated from the number of 
events germinated / number of events planted × 100 for each replication. 
8Percent of events herbicide resistant = Mean percent of events herbicide resistant calculated from the 
number of herbicide resistant events / number of events germinated × 100 for each replication. 
9Percent of PCR positive events = Mean percent of PCR positive events calculated from the number of 
PCR positive events / number of events germinated × 100 for each replication. 
10Overall transformation frequency = Mean overall transformation efficiency calculated from the number of 
PCR positive events / number to shoot induction × 100 for each replication. 
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Table 5. Segregation and copy number estimation for events within ST4
Event Resistant Sensitive χ2 (3:1) Probability Copy Number 
ST41A-2 8 1 0.93 0.33 - 
ST41A-6 4 1 0.07 0.79 11.64 
ST41A-17 5 0 1.67 0.20 1.82 
ST41B-2 1 2 2.78 0.10 1.80 
ST41C-22 2 3 3.27 0.07 4.88 
ST41C-37 7 1 0.67 0.41 2.13 
ST41C-39 8 0 2.67 0.10 8.35 
ST41C-41 1 1 0.67 0.41 3.82 
ST41C-56 2 0 0.67 0.41 - 
ST41C-70 2 0 0.67 0.41 - 
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Table 6. Segregation and copy number estimation for events within ST131. 
Event Resistant Sensitive χ2 (3:1) Probability Copy Number 
ST131A-8 5 0 1.67 0.20 4.96 
ST131A-18 2 0 0.67 0.41 - 
ST131A-20 5 1 0.22 0.64 3.09 
ST131A-24 12 2 0.86 0.35 5.32 
ST131B-3 3 0 1.00 0.32 1.23 
ST131B-6 2 10 21.78 <0.01 10.42 
ST131B-7 6 2 0.00 1.00 2.92 
ST131C-12 5 4 1.81 0.18 4.81 
ST131C-21 1 0 0.33 0.57 3.41 
ST131C-46 1 1 0.67 0.41 2.82 
ST131C-63 1 0 0.33 0.57 5.91 
ST131C-64 3 3 2.00 0.16 3.96 
ST131C-71 7 0 2.33 0.13 6.72 
ST131C-73 7 0 2.33 0.13 10.22 
ST131C-74 5 2 0.05 0.82 2.67 
ST131C-76 3 1 0.00 1.00 - 
ST131C-79 5 3 0.67 0.41 3.07 
ST131C-94 7 0 2.33 0.13 17.02 
ST131D-7 7 4 0.76 0.38 12.36 
ST131D-8 5 3 0.67 0.41 1.45 
ST131D-12 5 3 0.67 0.41 8.34 
ST131D-14 7 0 2.33 0.13 13.31 
ST131D-16 4 1 0.07 0.79 1.49 
ST131D-18 4 3 1.19 0.28 - 
ST131D-20 2 0 0.67 0.41 - 
ST131D-21 6 1 0.43 0.51 7.37 
ST131D-25 3 4 3.86 0.05 3.08 
ST131D-27 4 4 2.67 0.10 9.24 
ST131D-31 5 0 1.67 0.20 6.00 
ST131D-36 1 0 0.33 0.57 3.06 
ST131D-54 2 1 0.11 0.74 1.60 
ST131D-61 2 4 5.56 0.02 10.59 
ST131D-64 3 0 1.00 0.32 7.44 
ST131D-69 2 2 1.33 0.25 3.61 
ST131D-70 6 0 2.00 0.16 6.80 
ST131D-71 3 0 1.00 0.32 - 
ST131D-74 4 4 2.67 0.10 1.66 
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Table 7. Segregation and copy number estimation for events within ST194. 
Event Resistant Sensitive χ2 (3:1) Probability Copy Number 
ST194A-1 4 2 0.22 0.64 4.44 
ST194A-3 7 3 0.13 0.72 1.77 
ST194A-8 2 0 0.67 0.41 - 
ST194A-9 3 6 8.33 <0.01 4.13 
ST194C-1 2 0 0.67 0.41 - 
ST194C-3 2 1 0.11 0.74 - 
ST194C-18 2 1 0.11 0.74 - 
ST194C-22 6 0 2.00 0.16 14.31 
ST194D-1 5 1 0.22 0.64 1.44 
ST194D-2 4 1 0.07 0.79 5.09 
ST194D-5 3 2 0.60 0.44 9.71 
ST194D-8 5 2 0.05 0.82 1.75 
ST194D-9 5 1 0.22 0.64 5.36 
ST194D-14 1 1 0.67 0.41 2.90 
ST194D-17 2 0 0.67 0.41 4.91 
ST194D-20 2 0 0.67 0.41 - 
ST194D-23 3 0 1.00 0.32 - 
ST194D-46 3 4 3.86 0.05 3.78 
ST194D-57 1 1 0.67 0.41 4.87 
ST194D-64 1 1 0.67 0.41 31.01 
ST194E-6 1 1 0.67 0.41 - 
ST194E-13 1 0 0.33 0.57 1.25 
ST194E-30 1 0 0.33 0.57 5.91 
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Table 8. Segregation and copy number estimation for events within ST195. 
Event Resistant Sensitive χ2 (3:1) Probability Copy Number 
ST195A-6 3 0 1.00 0.32 - 
ST195A-24 2 1 0.11 0.74 - 
ST195A-25 2 3 3.27 0.07 - 
ST195C-30 1 14 37.36 0.00 3.04 
ST195C-9 1 0 0.33 0.57 7.68 
ST195D-1 4 2 0.22 0.64 2.43 
ST195D-8 5 2 0.05 0.82 2.92 
ST195D-9 2 0 0.67 0.41 - 
ST195D-10 4 0 1.33 0.25 - 
ST195D-17 7 0 2.33 0.13 11.51 
 
 
Table 9. Average copy number of ST41, ST131, ST194, and ST195 estimated from T1 plants. 
 
 
 
 
1 P = 0.9329 
  Copy Number 
Construct Number of Events Minimum Maximum Average ± SD1  
ST41 7 2 12 5.0±0.4 
ST131 32 1 17 5.8±0.4 
ST194 16 1 31 6.5±0.9 
ST195 5 2 12 5.6±0.3 
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Table 10. Percentage (total number) of events containing single, two to three, four to five, six to ten, and 
over eleven transgene copies.
  Copy Number 
 Construct No. Events Single Two to three Four to five Six to ten Over eleven 
ST41 7   0.00 (0) 42.86 (3) 28.57 (2) 14.29 (1) 14.29 (1) 
ST131 32   9.38 (3)   31.25 (10) 15.63 (5)   31.25 (10) 12.50 (4) 
ST194 16 12.50 (2) 18.75 (3) 43.75 (7) 12.50 (2) 12.50 (2) 
ST195 5   0.00 (0) 60.00 (3)   0.00 (0) 20.00 (1) 20.00 (1) 
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Supplemental Table S1: T0 tissue culture data for all replications of ST41, ST131, ST194, and ST195 
    Tissue Culture Rooting Seed Production 
Exp ID Rep CC SI1 SI2 SE1 No. to rooting 
No. with 
roots 
No. Percent 
ST41 A1 1 102 101 96 95 28 16 5 31.3 
ST41 A2 2 99 94 71 47 0 0 0 0.0 
ST41 B1 3 118 104 73 50 5 1 1 100.0 
ST41 B2 4 98 95 59 21 0 0 0 0.0 
ST41 C1 5 87 87 81 75 21 8 2 25.0 
ST41 C2 6 84 83 76 70 14 7 2 28.6 
ST41 C3 7 87 87 79 76 18 8 4 50.0 
ST41 C4 8 85 84 78 74 23 15 4 26.7 
ST131 A1 1 113 109 106 102 23 8 8 100.0 
ST131 A2 2 100 87 63 39 1 1 1 100.0 
ST131 B1 3 115 107 96 84 32 19 6 31.6 
ST131 B2 4 90 81 21 1 0 0 0 0.0 
ST131 C1 5 77 76 73 72 37 24 3 12.5 
ST131 C2 6 84 82 73 68 14 10 3 30.0 
ST131 C3 7 70 70 62 60 31 25 9 36.0 
ST131 C4 8 63 63 62 62 34 23 2 8.7 
ST131 D1 9 92 90 86 77 19 12 7 58.3 
ST131 D2 10 91 91 82 72 17 11 9 81.8 
ST131 D3 11 93 91 79 69 12 8 7 87.5 
ST131 D4 12 97 97 85 78 28 18 10 55.6 
ST194 A1 1 100 96 91 88 0 0 0 0.0 
ST194 A2 2 98 93 81 64 13 8 5 62.5 
ST194 B1 3 107 94 58 45 4 2 0 0.0 
ST194 B2 4 95 92 70 50 3 3 0 0.0 
ST194 C1 5 68 68 59 59 6 3 2 66.7 
ST194 C2 6 81 81 73 71 35 21 3 14.3 
ST194 C3 7 86 77 38 9 0 0 0 0.0 
ST194 C4 8 79 78 64 53 3 0 0 0.0 
ST194 D1 9 97 97 86 82 20 6 2 33.3 
ST194 D2 10 86 86 71 63 17 15 3 20.0 
ST194 D3 11 86 83 64 63 18 11 5 45.5 
ST194 D4 12 85 84 71 69 24 13 8 61.5 
ST194 E1 13 95 93 84 78 18 11 5 45.5 
ST194 E2 14 91 91 81 73 9 3 2 66.7 
ST194 E3 15 99 99 82 72 5 3 3 100.0 
ST194 E4 16 76 72 62 59 5 1 1 100.0 
ST195 A1 1 104 102 99 95 15 8 6 75.0 
ST195 A2 2 99 91 75 62 20 10 7 70.0 
ST195 B1 3 107 93 32 13 0 0 0 0.0 
ST195 B2 4 100 95 38 10 0 0 0 0.0 
ST195 C1 5 87 86 65 19 1 1 0 0.0 
ST195 C2 6 80 80 74 36 2 2 0 0.0 
ST195 C3 7 80 80 68 63 26 18 1 5.6 
ST195 C4 8 78 78 72 68 20 14 1 7.1 
ST195 D1 9 90 89 81 56 12 8 3 37.5 
ST195 D2 10 90 89 76 57 1 0 0 0.0 
ST195 D3 11 88 81 75 60 15 4 2 50.0 
ST195D4 12 91 90 77 43 11 6 5 83.3 
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Supplemental Table S2: T0 analysis data for all replications of ST41, ST131, ST194, and ST195 
    PCR tested PCR & Seeds PCR Positive T0 Regen & Trans Freq 
Exp ID Rep No. Percent No. Percent No. Percent Regen Freq Trans Freq 
ST41 A1 1 11 68.8 5 100.0 7 63.6 15.8 5.0 
ST41 A2 2 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST41 B1 3 1 100.0 1 100.0 0 0.0 1.0 1.0 
ST41 B2 4 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST41 C1 5 4 50.0 2 100.0 3 75.0 9.2 2.3 
ST41 C2 6 4 57.1 1 50.0 3 75.0 8.4 2.4 
ST41 C3 7 3 37.5 2 50.0 2 66.7 9.2 4.6 
ST41 C4 8 4 26.7 3 75.0 1 25.0 17.9 4.8 
ST131 A1 1 6 75.0 6 75.0 3 50.0 7.3 7.3 
ST131 A2 2 1 100.0 1 100.0 0 0.0 1.1 1.1 
ST131 B1 3 16 84.2 6 100.0 12 75.0 17.8 5.6 
ST131 B2 4 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST131 C1 5 8 33.3 2 66.7 4 50.0 31.6 3.9 
ST131 C2 6 6 60.0 3 100.0 4 66.7 12.2 3.7 
ST131 C3 7 13 52.0 9 100.0 12 92.3 35.7 12.9 
ST131 C4 8 5 21.7 1 50.0 2 40.0 36.5 3.2 
ST131 D1 9 4 33.3 4 57.1 3 75.0 13.3 7.8 
ST131 D2 10 6 54.5 6 66.7 6 100.0 12.1 9.9 
ST131 D3 11 6 75.0 6 85.7 5 83.3 8.8 7.7 
ST131 D4 12 7 38.9 7 70.0 7 100.0 18.6 10.3 
ST194 A1 1 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST194 A2 2 5 62.5 4 80.0 3 60.0 8.6 5.4 
ST194 B1 3 0 0.0 0 0.0 0 0.0 2.1 0.0 
ST194 B2 4 0 0.0 0 0.0 0 0.0 3.3 0.0 
ST194 C1 5 2 66.7 2 100.0 2 100.0 4.4 2.9 
ST194 C2 6 9 42.9 2 66.7 6 66.7 25.9 3.7 
ST194 C3 7 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST194 C4 8 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST194 D1 9 1 16.7 1 50.0 1 100.0 6.2 2.1 
ST194 D2 10 1 6.7 1 33.3 1 100.0 17.4 3.5 
ST194 D3 11 4 36.4 4 80.0 2 50.0 13.3 6.0 
ST194 D4 12 7 53.8 6 75.0 5 71.4 15.5 9.5 
ST194 E1 13 4 36.4 4 80.0 2 50.0 11.8 5.4 
ST194 E2 14 2 66.7 2 100.0 1 50.0 3.3 2.2 
ST194 E3 15 2 66.7 2 66.7 1 50.0 3.0 3.0 
ST194 E4 16 1 100.0 1 100.0 1 100.0 1.4 1.4 
ST195 A1 1 6 75.0 4 66.7 1 16.7 7.8 5.9 
ST195 A2 2 7 70.0 6 85.7 5 71.4 11.0 7.7 
ST195 B1 3 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST195 B2 4 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST195 C1 5 0 0.0 0 0.0 0 0.0 1.2 0.0 
ST195 C2 6 1 50.0 0 0.0 1 100.0 2.5 0.0 
ST195 C3 7 4 22.2 1 100.0 2 50.0 22.5 1.3 
ST195 C4 8 4 28.6 1 100.0 4 100.0 17.9 1.3 
ST195 D1 9 4 50.0 3 100.0 2 50.0 9.0 3.4 
ST195 D2 10 0 0.0 0 0.0 0 0.0 0.0 0.0 
ST195 D3 11 4 100.0 2 100.0 2 50.0 4.9 2.5 
ST195D4 12 4 66.7 4 80.0 2 50.0 6.7 5.6 
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Supplemental Table S3: T1 analysis data for all replications of ST41, ST131, ST194, and ST195. 
  Planted Events Germ Res. Events PCR positive  T0 /T1 PCR 
Exp ID Rep No. No. Percent No. Percent No. Percent 
Trans 
Freq 
No. 
Pos/Pos 
No. 
Neg/Pos 
No. 
Pos/Neg 
ST41 A1 1 5 5 100.0 3 60.0 3 60.0 2.97 1 2 0 
ST41 A2 2 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST41 B1 3 1 1 100.0 1 100.0 1 100.0 0.96 0 1 0 
ST41 B2 4 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST41 C1 5 2 2 100.0 1 50.0 1 50.0 1.15 1 0 0 
ST41 C2 6 2 2 100.0 0 0.0 0 0.0 0.00 0 0 0 
ST41 C3 7 4 4 100.0 3 75.0 3 75.0 3.45 0 1 0 
ST41 C4 8 4 4 100.0 2 50.0 2 50.0 2.38 1 0 0 
ST131 A1 1 8 7 87.5 3 42.9 3 42.9 2.75 1 2 0 
ST131 A2 2 1 1 100.0 1 100.0 1 100.0 1.15 0 1 0 
ST131 B1 3 6 6 100.0 3 50.0 3 50.0 2.80 3 0 0 
ST131 B2 4 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST131 C1 5 3 3 100.0 3 100.0 3 100.0 3.95 2 0 0 
ST131 C2 6 3 3 100.0 2 66.7 2 66.7 2.44 2 0 0 
ST131 C3 7 9 9 100.0 6 66.7 6 66.7 8.57 6 0 0 
ST131 C4 8 2 2 100.0 0 0.0 0 0.0 0.00 0 0 0 
ST131 D1 9 7 7 100.0 6 85.7 6 85.7 6.67 2 1 0 
ST131 D2 10 9 9 100.0 3 33.3 3 33.3 3.30 3 0 0 
ST131 D3 11 7 7 100.0 4 57.1 4 57.1 4.40 3 0 0 
ST131 D4 12 10 10 100.0 6 60.0 6 60.0 6.19 5 0 0 
ST194 A1 1 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 A2 2 5 4 80.0 4 100.0 4 100.0 4.30 3 1 0 
ST194 B1 3 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 B2 4 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 C1 5 2 2 100.0 2 100.0 2 100.0 2.94 2 0 0 
ST194 C2 6 3 2 66.7 2 100.0 2 100.0 2.47 1 0 0 
ST194 C3 7 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 C4 8 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 D1 9 2 1 50.0 1 100.0 1 100.0 1.03 1 0 0 
ST194 D2 10 3 3 100.0 2 66.7 2 66.7 2.33 0 0 0 
ST194 D3 11 5 4 80.0 3 75.0 3 75.0 3.61 1 2 0 
ST194 D4 12 8 8 100.0 6 75.0 6 75.0 7.14 4 1 0 
ST194 E1 13 5 2 40.0 2 100.0 1 50.0 1.08 1 0 0 
ST194 E2 14 2 2 100.0 0 0.0 0 0.0 0.00 0 0 0 
ST194 E3 15 3 2 66.7 1 50.0 1 50.0 1.01 0 0 0 
ST194 E4 16 1 1 100.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 A1 1 6 5 83.3 1 20.0 1 20.0 0.98 0 1 0 
ST195 A2 2 7 6 85.7 3 50.0 2 33.3 2.20 1 1 1 
ST195 B1 3 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 B2 4 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 C1 5 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 C2 6 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 C3 7 1 1 100.0 1 100.0 1 100.0 1.25 0 1 0 
ST195 C4 8 1 1 100.0 1 100.0 1 100.0 1.28 1 0 0 
ST195 D1 9 3 3 100.0 1 33.3 1 33.3 1.12 1 0 0 
ST195 D2 10 0 0 0.0 0 0.0 0 0.0 0.00 0 0 0 
ST195 D3 11 2 2 100.0 1 50.0 1 50.0 1.23 1 0 0 
ST195D4 12 5 5 100.0 3 60.0 3 60.0 3.33 2 1 0 
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CHAPTER 3 
REGENERATION AND TRANSFORMATION OF PHASEOLUS VULGARIS L 
(COMMON BEAN)  
 
Abstract 
Plant genetic transformation is routinely used in plant research laboratories for functional 
genomic analyses. The technology has enabled dramatic improvements in agronomic 
performance of major food crops grown on millions of acres around the world. Common 
bean (Phaseolus vulgaris L.) – a most important source of dietary protein for human 
consumption globally – cannot be transformed routinely using current approaches. The 
work reported in this chapter aimed at establishing a reproducible genetic transformation 
protocol for common bean. Mature seeds of 93 Andean and Mesoamerican common bean 
cultivars were screened for the ability of turning green using a half seed regeneration and 
transformation protocol. A total of 21 cultivars were further evaluated for susceptibility 
to Agrobacterium tumefaciens and on shoot development and regeneration. 
Concentrations and combinations of a few key media components including a 
phytohormone, salts, and a buffering agent were systematically evaluated for their effects 
on regeneration and transformation. Two different Agrobacterium strains were also 
compared for their effectiveness in transient transformation. In addition, different culture 
containers and tissue manipulation approaches were used. Stable transgenic tissue 
positive for β-glucoronidase (GUS) was obtained with cultivar DOR 364. While a fertile 
transgenic common bean plant was not produced, this research has paved important 
ground for future successful common bean transformation using Agrobacterium.  
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Introduction 
Phaseolus vulgaris L (common bean) is an important crop both nutritionally and 
economically and as a result of both abiotic (e.g. drought, temperature, salt.) and biotic 
stress (e.g. insects, weeds, disease), significant yield loss has been reported. Infection by 
anthracnose in Uganda, for susceptible cultivars, has led to direct yield loss ranging from 
30.0 to 44.1% and when included with seeds lost as a result of damage from the infection, 
total yield loss ranged from 62.6 to 72.9% (Nkalubo et al., 2007). The effect of drought 
on common bean yield ranges from a loss of 20 to 72% in Central (Pena-Cabriales and 
Castellanos, 1993) and South America (Teran and Singh, 2002; Martinez et al., 2007). 
Yield loss of common bean as result of stress is an immensely important issue because 
common bean provides protein and vitamins to over 400 million people world-wide 
according to the International Center for Tropical Agriculture (CIAT), making the need 
for improved common bean stress tolerance of great importance. For any crop, 
improvements in nutrition or stress tolerance can be achieved either via conventional 
breeding or genetic transformation.  
Conventional breeding has been used to develop common bean that is more 
tolerant to common bacterial blight (Mutlu et al., 2005), drought (Beebe et al., 2008), and 
other stress. However, in comparison to conventional breeding, genetic transformation 
offers many advantages such as allowing the development of crops tolerant to stress or 
increased in beneficial traits more efficiently than conventional breeding. Additionally, 
genetic transformation allows manipulation of genes for gene function analysis and the 
ability to integrate genes from virtually any species. However, before any transformation 
system can be established, a robust system for regeneration must exist. 
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Plant Regeneration 
The ability to regenerate a mature plant from cells and tissues is prerequisite for 
the establishment of a plant transformation system. Regeneration can be achieved by 
using various methods, either direct or indirect, and organogenesis or embryogenesis, 
often determined based on the target tissue for regeneration or transformation (explant). 
Direct methods are often preferred because of the duration needed in tissue culture to 
successfully regenerate a plant is less than that of indirect methods that utilize a callus 
phase. Methods relying on organogenesis are also often preferred as a result of the 
simplicity in obtaining explants (typically from various tissue originating from mature 
seeds) and eliminating the need for space to obtain immature seeds or embryos often used 
as explants for embryogenesis.  
Plant regeneration is genotype dependent and thus not all cultivars within a 
species can be regenerated into a mature plant in tissue culture creating a need for 
cultivar screens to identify cultivars showing a high regeneration rate. Regeneration 
protocols that can be applied to multiple cultivars are hindered by a large number of 
cultivars existing (approximately 36,000 are contained in the CIAT database), making 
large cultivar screens difficult. Typically, cultivar screens for regeneration usually 
include a small number (often four to ten) of cultivars (McClean and Grafton, 1989; 
Malik and Saxena, 1992; Arellano et al., 2009; Arias et al., 2010; Kwapata et al., 2010; 
Quintero-Jiménez et al., 2010; Collado et al., 2013) with variation reported in shoot 
formation (Arias et al., 2010; Chandel and Pandey, 2014) and regeneration response 
between cultivars (McClean and Grafton, 1989; Malik and Saxena, 1992; Arellano et al., 
2009; Kwapata et al., 2010; Quintero-Jiménez et al., 2010). 
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In the development of any regeneration protocol, it is important to choose the 
correct combination of vitamins and salts that lead to the healthiest explant growth. 
Commonly used salts and vitamins are Gamborg’s B5 (B5) (Gamborg et al., 1968), 
Murashige and Skoog (MS) (Murashige and Skoog, 1962), and MS salts with B5 
vitamins (MSB5). Minimal direct comparisons on basal media have been reported 
common bean regeneration. However, in regeneration from the embryonic axis, when 
explants were cultured on B5 media, higher shoot formation occurred compared to 
culture on MS media (Quintero-Jiménez et al., 2010). In addition to salts and vitamins, 
growth hormones are important for ensuring the highest shoot formation, shoot 
elongation, and successful rooting.  
Growth hormones can be used to pre-culture seeds prior to explant preparation 
that provide benefits in regeneration later in the tissue culture process (e.g. a higher 
number of shoots developing per explant). Hormones used to pre-culture seeds prior to 
explant preparation include 6-benzylaminopurine (BA) and thidiazuron (TDZ). 
Germination media containing TDZ or BA to pre-culture seeds prior to explant 
preparation from the cotyledonary node led to a higher number of shoots developing with 
TDZ compared to BA, however, elongation was inhibited resulting in no excisable shoots 
(Mohamed et al., 1992). Pre-culture of seeds with BA prior to explant preparation using 
leaf petioles resulted in a 52% increase in shoot regeneration (Malik and Saxena, 1991) 
and a five to sevenfold increase the number of regenerated shoots from each explant 
(Veltcheva and Svetleva, 2005).  
Growth hormones commonly used for shoot induction via direct regeneration 
include BA, TDZ, gibberrellic acid (GA3), indole-3-acetic acid (IAA), and α-
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napthaleneacetic acid (NAA), while indirect methods typically rely on the use of BA, 
TDZ, NAA, IAA and 2,4-D to induce callus formation. With regard to regeneration from 
the cotyledonary node, at optimal concentrations of BA and TDZ, similar results were 
observed in the number of shoots that developed (Malik and Saxena, 1992; Thảo et al., 
2013), although better quality leaves were observed on each shoot when BA was used 
(Thảo et al., 2013). However, for both BA and TDZ, developmental problems and growth 
reduction have been reported when BA and TDZ were increased past the optimal 
concentration (Malik and Saxena, 1992). Regarding regeneration from the embryonic 
axis, BA has been observed to promote organogenesis while TDZ promoted 
embryogenesis (Kwapata et al., 2010). When comparing BA and TDZ in shooting media 
for indirect regeneration from the apical meristem or the cotyledonary node, a higher 
regeneration response resulted when BA was used whereas TDZ produced budlike 
structures but no shoots developed (Arellano et al., 2009). For indirect regeneration of 
explants obtained from apical meristems, cotyledons, or hypocotyls, an auxin was 
observed to be needed for callus development, however, IAA and NAA led to the 
development of small brown callus, while 2,4-D led to callus induction for explants from 
the apical meristem and cotyledons (Arellano et al., 2009). For indirect regeneration from 
the embryonic axis, callus development occurred to varying degrees on media that 
contained BA, TDZ, or NAA and no callus developed on media containing MES or 2,4-D 
(Mukeshimana et al., 2013). 
The use of BA alone has been shown to be important for shoot formation 
(McClean and Grafton, 1989; Dang and Wei, 2009) and development in regeneration 
from the cotyledonary node (Malik and Saxena, 1992) and for shoot induction in 
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regeneration from the embryonic axis (Quintero-Jiménez et al., 2010). Additionally, 
variation was reported in the percentage of explants developing shoots based on the 
concentration of BA used in the media (McClean and Grafton, 1989). However, even at 
optimal concentrations, shoot proliferation regenerating from the embryonic axis (Arias 
et al., 2010; Kwapata et al., 2010; Chandel and Pandey, 2014), cotyledonary node 
(McClean and Grafton, 1989; Malik and Saxena, 1992), and intact seedlings varies 
between cultivars (Malik and Saxena, 1992). In regeneration from the cotyledon and half 
of the embryonic axis, the addition of silver nitrate to media containing optimal 
concentration of BA increased shoot formation compared to media with BA alone (Dang 
and Wei, 2009) and the addition of NAA to the optimal concentration of BA led to a 
significantly higher number of shoots developing per explant from the cotyledonary node 
(Thảo et al., 2013). When regenerating from the cotyledonary node, GA3 in shoot 
induction media reduced the time needed for bud and shoot production (Franklin et al., 
1991). In regeneration from the embryonic axis, BA combined with adenine sulphate led 
to higher shoot formation than BA alone (Arias et al., 2010; Chandel and Pandey, 2014), 
however, regeneration has not been observed from the embryonic axis when cultured in 
the presence of adenine sulfate (Quintero-Jiménez et al., 2010).  
Hormones commonly used for elongation include IAA, BA, and GA3 while NAA, 
GA, indole-3-butryic acid (IBA), BA, and IAA are typically used for rooting. When 
regenerating from the cotyledon with half of the embryonic axis, GA3 is important for 
elongation (Dang and Wei, 2009). However, variation has been reported between 
cultivars in the response to GA3 after dipping seeds in GA3 before planting (Pavlista et 
al., 2012). Additionally, IBA has been shown important for root induction, with no root 
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induction observed when IBA was absent (Dang and Wei, 2009). However, when IBA 
was included past the optimal concentration, a lower percentage of shoots rooting and a 
lower number of roots per shoot resulted (Thảo et al., 2013). 
Choice of Explant 
A number of explants can be selected for regeneration, for example in common 
bean regenerated through direct methods, the cotyledonary node (McClean and Grafton, 
1989; Franklin et al., 1991; Malik and Saxena, 1992; Mohamed et al., 1992; Ahmed et 
al., 2002; Dang and Wei, 2009; Thảo et al., 2013), primary node (Mohamed et al., 1992), 
embryonic axis (Arias et al., 2010; Kwapata et al., 2010; Quintero-Jiménez et al., 2010; 
Chandel and Pandey, 2014), leaf petioles (Malik and Saxena, 1991), intact seedlings 
(Malik and Saxena, 1992; Ahmed et al., 2002), and transverse thin cell layers obtained 
from the hypocotyl, epicotyl, cotyledon, and roots (Carvalho et al., 2000) have been used. 
Indirect regeneration has been used for explants derived from the cotyledonary node 
(Arellano et al., 2009; Collado et al., 2013), embryos derived from mature seeds (Zambre 
et al., 1996), leaf petioles (Veltcheva and Svetleva, 2005), embryonic axes 
(Mukeshimana et al., 2013), and from the apical meristem (Arellano et al., 2009).  
Regardless of the explant selected for regeneration, for explant preparation, seeds 
are typically germinated or imbibed in water prior to explant excision. When directly 
regenerating from the cotyledonary node, seeds were germinated on MSB5 containing 
BA prior to explant preparation and the optimal media for shoot development was MSB5 
with BA while rooting used B5 media (McClean and Grafton, 1989). Germination of 
seeds in light and dark on MSB5 with BA resulted in a higher number of shoots 
developing compared to light germination using the primary and cotyledonary nodes with 
96 
 
 
rooting successful on MSB5 media without growth hormones (Mohamed et al., 1992). 
The optimal shoot formation media from the cotyledonary node with half of the 
embryonic axis excised after germination on MSB5 with TDZ or BA was MSB5 with 
BA, GA, and silver nitrate while rooting media contained MSB5 with IBA and BA (Dang 
and Wei, 2009). Explants prepared from the cotyledonary node after germination 
identified the optimal media for regeneration to contain MS with BA and NAA while 
rooting was on MS without growth hormones (Ahmed et al., 2002). Optimal shoot 
induction media in regeneration from the cotyledonary node after germination on MSB5 
contained BA with NAA with rooting successful on MSB5 with IBA (Thảo et al., 2013). 
Various explants prepared from combinations of the cotyledon, embryonic axis, and 
axillary buds after germinating seeds on MS media with BA led to variation in 
regeneration across explant types with the optimal media for shoot induction containing 
MS salts lacking nitrogen (replaced with L-glutamine), MS vitamins, BA, and GA with 
rooting with NAA and GA (Franklin et al., 1991). Indirect regeneration has been 
successful for explants containing one or both cotyledons excised after seed germination 
on MS with BA with callus inducing on MSB5 with TDZ and IAA, proliferating on 
MSB5 with IAA and TDZ, regenerating on MSB5 with BA, and both elongating and 
rooting on MSB5 with IBA, GA3, and silver nitrate (Collado et al., 2013). 
 For direct regeneration from embryonic axes of ten common bean cultivars the 
optimal media was MS with BA, IAA, and silver nitrate identifying variation in the 
numbers of shoots per explant between cultivars (Kwapata et al., 2010). Research using 
embryonic axes isolated after imbibing seeds overnight in water identified MS media 
with BA and adenine sulphate optimal for all stages of tissue culture (Arias et al., 2010; 
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Chandel and Pandey, 2014) while other research showed the optimal was B5 with BA for 
shoot induction and elongation and no growth hormones for rooting (Quintero-Jiménez et 
al., 2010). Indirect regeneration has also been used for healthy green callus development 
from the embryonic axis (Zambre et al., 1996). 
Additional explants that have been used for regeneration include leaf petioles 
(Veltcheva and Svetleva, 2005), transverse thin cell layers from the epicotyl, hypocotyl, 
cotyledon, and roots (Carvalho et al., 2000), and meristem (Kartha et al., 1981). 
Furthermore, comparisons of callus development in regeneration from the apical 
meristem, hypocotyl, and cotyledonary node have been made (Arellano et al., 2009. 
Previous work using leaf petioles isolated from 7 and 14 day old seedlings germinated on 
media with BA identified the optimal media for shoot initiation to contain TDZ, NAA, 
and Paclobutrazol, elongation on MS with BA and IAA, and rooting with BA and GA3 
(Veltcheva and Svetleva, 2005). Research isolating transverse thin cell layers from the 
epicotyl after seed germination on MS with TDZ were regenerated with culture on MSB5 
with TDZ prior to shoot elongation on media containing BA, silver nitrate, and GA3 and 
rooting using NAA and silver nitrate (Carvalho et al., 2000). Buds regenerated from the 
meristem showed elongation on media containing BA, NAA and GA3 with successful 
rooting on MS with IAA (Kartha et al., 1981). Indirect regeneration from the apical 
meristem, hypocotyl, and cotyledonary node showed callus development for all explants 
with the best response from apical meristems (Arellano et al., 2009). After the 
development of a robust regeneration system, transformation systems can be developed 
with key choices residing in the system for selection and in the method of DNA delivery.  
98 
 
 
Plant Transformation 
Genetic transformation is most commonly achieved through the use of 
Agrobacterium tumefaciens or biolistic methods (bombardment). The first successful 
common bean transformation was reported via bombardment (Aragão et al., 1996) and 
has since been used in the development of common bean more tolerant to bean golden 
mosaic virus (Faria et al., 2006; Bonfim et al., 2007) and with increased methionine 
(Aragão et al., 1999). However, Agrobacterium-mediated transformation is often 
preferred for plant transformation because it has the ability to produce more plants 
(events) that contain single or low copy transgene number in the plant genome when 
compared with plants produced via bombardment (Srinivasa Reddy et al., 2003). Lower 
transgene copy number events are more desirable because they are less disruptive to the 
plant genome structure and often have more stable gene expression in subsequent 
generations (Shou et al., 2004). However, transformation of common bean has been 
successfully reported via A. tumefaciens infection in a limited number of reports (Liu et 
al., 2005; Espinosa-Huerta et al., 2013). 
In the development of any transformation protocol it is useful to use a method to 
visually assess infection. Early work relied on the use of tumor-inducing strains of A. 
tumefaciens to assay infection based on frequency of tumor formation, size of tumor 
formed, and duration needed for tumor formation. Visually assessing tumor formation 
became less commonly used with the development of visual reporter systems to visually 
analyze expression of integrated DNA. Commonly used reporter systems are based on the 
use of either β-glucuronidase (GUS) (Jefferson et al., 1987) or green fluorescent protein 
(GFP) (Chalfie et al., 1994). The GUS system is a destructive system that functions from 
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the β-glucuronidase enzyme cleaving an X-gluc substrate to create the blue stain 
indicating GUS gene integration and expression. The GFP system is a non-destructive 
system and has been used to evaluate transgene expression in soybean (Ponappa et al., 
1999; Finer and Finer, 2000), however, in our lab, GFP has performed poorly in soybean 
transformation. 
The choice of selection is also key in transformation experiments to allow both 
growth of transformed tissue and death of non-transformed tissue. Commonly used 
selection genes include bar (providing resistance to glufosinate), nptII (providing 
resistance to kanamycin), hpt (providing resistance to hygromycin), and ahas (providing 
resistance to imazapyr). Common bean transformation has been attempted via A. 
tumefaciens using nptII (McClean et al., 1991; Becker et al., 1994; Kapila et al., 1997; 
Zhang et al., 1997; Amugune et al., 2011; Espinosa-Huerta et al., 2013; Mukeshimana et 
al., 2013), hpt (Amugune et al., 2011), and bar (Becker et al., 1994; Espinosa-Huerta et 
al., 2013), while transformation via bombardment has been attempted using bar (Russell 
et al., 1993; Aragão et al., 2002; Vianna et al., 2004; Faria et al., 2006; Bonfim et al., 
2007; Kwapata and Nguyen, 2012), nptII (Nifantova et al., 2011), and ahas (Rech et al., 
2008; Nifantova et al., 2011). The bar gene has also been used for transformation via 
electroporation (Saker and Kühne, 1997/98). Differences have been reported in 
transformation efficiency when comparing selection markers. With regard to 
transformation of hypocotyls via A. tumefaciens using nptII and bar, higher 
transformation efficiency was achieved using nptII compared to bar, however, different 
bacterial strains were used for each type of selection (Espinosa-Huerta et al., 2013). In 
whole embryo stab inoculation, higher regeneration occurred with nptII when compared 
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to hpt, albeit, different bacterial strains were used for each type of selection (Amugune et 
al., 2011). The choice of selection was critical in A. tumefaciens infection of cotyledonary 
node and leaf explants (Becker et al., 1994) and it has been suggested to limit the 
duration of selection agent containing media to three to four weeks, thereby increasing 
the recovery of transgenic plants (Amugune et al., 2011).  
Biolistic and Agrobacterium-mediated Common Bean Transformation 
In transformation via A. tumefaciens, the number of cultivars compared and 
monitored for infection and attempts at transformation varies from only one cultivar to 
larger experiments including 4 to 19 cultivars (McClean et al., 1991; Lewis and Bliss, 
1994; Brasileiro et al., 1996; Aragão and Rech, 1997; Zhang et al., 1997; Karakaya and 
Özcan, 2001; Estrada-Navarrete et al., 2006; Kwapata et al., 2012; Mukeshimana et al., 
2013). Additionally, a number of different explant types and methods have been used. 
For transformation and/or tumor assays via A. tumefaciens, the cotyledonary node of both 
mature (McClean et al., 1991; Becker et al., 1994; Zhang et al., 1997; Mohamed et al., 
2006) and immature seeds (Zhang et al., 1997), shoot tips (Lewis and Bliss, 1994), 
embryonic axes (Mukeshimana et al., 2013), hypocotyls (Karakaya and Özcan, 2001; 
Espinosa-Huerta et al., 2013), epicotyls (Karakaya and Özcan, 2001), leaves and stems 
(Nifantova et al., 2011; Mukeshimana et al., 2013), and whole and half seed embryos 
(Amugune et al., 2011) have been used. The combination of A. tumefaciens and 
bombardment has been used for embryonic axes (Brasileiro et al., 1996) and whole seeds 
with A. tumefaciens and vacuum infiltration (Liu et al., 2005). Seedlings have been used 
for transformation via A. rhizogenes (Estrada-Navarrete et al., 2006; Khandual and 
Reddy, 2014). Bombardment has also been used in transformation experiments of the 
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embryonic axis (Aragão et al., 1996; Kim and Minamikawa, 1996), meristem (Russell et 
al., 1993), shoot apices (Kim & Minamikawa, 1997), and apical meristem (Kwapata et 
al., 2012). Additionally, transformation via electroporation has been attempted using 
protoplasts (Leon et al., 1991) and shoot tips (Saker and Kühne, 1997/98).  
Bombardment has been used for successful transformation and regeneration with 
frequencies ranging from 0.3% to 2.7% (Aragão et al., 1996; Aragão and Rech, 1997; 
Kim and Minamikawa, 1997; Aragão et al., 2002; Vianna et al., 2004; Faria et al., 2006; 
Bonfim et al., 2007; Rech et al., 2008). Germination of seeds on MS media has been used 
to expose the meristem prior to bombardment with additional culture on MS media with 
BA and woody plant media with rooting on MS with IAA to achieve a transformation 
frequency of 0.03% (Russell et al., 1993). Bombardment was used for successful 
transformation of common bean of the embryonic axis with bombardment media 
containing MS with BA with transfer to identical media for an additional week prior to 
transfer to MS media with BA containing selection before transfer to MS media with no 
hormones or selection for elongation and rooting on MS media with an overall 
transformation efficiency of 0.9% (Aragão et al., 1996). By replacing the selection gene 
with ahas and bombarding the apical meristem, transformation frequency was increased 
to 2.7% (Rech et al., 2008).  
For transformation via A. tumefaciens, a number of strains exist and are classified 
based on opines naturally utilized by the bacteria serving as a unique sugar and nitrogen 
source synthesized within the tumors formed by tumor-inducing strains of A. 
tumefaciens. Commonly used strains of A. tumefaciens utilize opines classified as 
nopaline, octopine, and succinamopine. To determine the ability of A. tumefaciens to 
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infect common bean, early work relied on assaying tumor formation between strains and 
cultivars. Using A. tumefaciens strain C58 (nopaline), tumor formation was been shown 
to vary significantly in both size and frequency among 11 common bean cultivars (Lewis 
and Bliss, 1994). When comparing 19 cultivars, tumor formation varied between cultivars 
using strains A208 (nopaline), A281 (agropine), and LBA4001 (octopine) depending on 
the number of days of seed germination, with shorter germination leading to larger galls 
developing sooner than with longer duration of germination. However, similar response 
was observed within a cultivar in tumor formation in response to all strains (McClean et 
al., 1991). In assaying tumor formation via A281 (succinamopine), infection on both the 
cotyledonary node and leaf explants varied in the duration needed for tumors to develop 
between cultivars (Becker et al., 1994) and among 16 cultivars infected at the hypocotyl 
and epicotyl tumor formation varied (Karakaya and Özcan, 2001). Additionally, when 
embryonic axes were bombarded prior to infection with eight different strains of A. 
tumefaciens, variability was observed in tumor formation between strains of A. 
tumefaciens with strains AT8196 (nopaline) and Ach5 (octopine) showing the greatest 
tumor formation for all genotypes with tumor formation highest when axes were 
bombarded prior to infection (Brasileiro et al., 1996). However, tumor formation has not 
translated to GUS activity; cultivars showing a high level of tumor formation did not 
always show a high level of GUS expression (Lewis and Bliss, 1994), suggesting the 
importance of direct strain comparisons using visual markers to identify cultivars suitable 
for transformation experiments.  
Numerous strains of A. tumefaciens have been used for transformation 
experiments including A2760 (octopine) and EHA105 (succinamopine), with no 
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significant interaction observed between strains and cultivar on infection of the 
cotyledonary node (Zhang et al., 1997). Differences in GUS activity have been reported 
in explants from cotyledonary nodes and hypocotyls infected with C58Z707 (nopaline) 
(McClean et al., 1991). For strains GV3101 (nopaline), LBA4404 (octopine), and 
EHA105 (succinamopine) the greatest infection on the embryonic axis based on GUS 
expression resulted from infection with GV3101 while the lowest was from LBA4404 
(Mukeshimana et al., 2013). GV2260 (octopine) and GV3101 (nopaline) have been 
compared with higher transformation efficiency resulting when infection was with 
GV2260 compared to GV3101 (Espinosa-Huerta et al., 2013). LBA4404 (octopine) and 
EHA105 (succinamopine) have both been used for whole embryo stab inoculation and 
dipping half seed embryos in bacterial culture with LBA4404 showing minimal explant 
regeneration but higher than regeneration observed with EHA105 (Amugune et al., 
2011). Transformation using LBA4404 (octopine) has been attempted on leaves and 
stems (Nifantova et al., 2011) and whole seeds with sonication and vacuum infiltration 
(Liu et al., 2005).  
To ensure the greatest rate of infection, additional factors need to be considered to 
maximize infection during co-cultivation. Factors important for transformation via A. 
tumefaciens of the cotyledonary node include the use of filter paper on co-cultivation 
media, semisolid compared to liquid co-cultivation media, and duration of co-cultivation 
with the highest infection observed after six days of co-cultivation (Zhang et al., 1997). 
Significantly higher GUS expression has been observed from leaf explants after six to 
eight days of co-cultivation compared to two to five (Mukeshimana et al., 2013) and the 
inclusion of BA in co-cultivation and regeneration media has been shown to increase 
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survival and transformation (Amugune et al., 2011). For explants from the cotyledonary 
node and leaves, the inclusion of MES has been shown to inhibit tumor induction and 
explant growth while pH had no effect (pH 5.5 and 5.9 were compared), and the inclusion 
of acetosyringone has been shown in increase the rate of tumor induction (Becker et al., 
1994). However, the inclusion of acetosyringone in infection media has been observed to 
generally lower GUS activity among 10 common bean cultivars (Lewis and Bliss, 1994). 
Higher GUS expression resulted when A. tumefaciens infection was followed by vacuum 
infiltration than when A. tumefaciens was used alone in infection of embryonic axes 
(Mukeshimana et al., 2013) and leaves (Kapila et al., 1997). GUS expression has been 
observed at a higher frequency when embryonic axes were bombarded then infected with 
A. tumefaciens than either bombardment or A. tumefaciens used alone (Brasileiro et al., 
1996).  
 Successful transformation of common bean has been reported via A. tumefaciens 
GV2260 with nptII and GV3101 with bar using hypocotyls after infection and co-
cultivation on B5 media, with BA and adenine sulphate for five days, then 10 days of 
media with timentin, before transfer to selection media (with glufosinate or kanamycin) 
with transformation efficiency using bar 3.9% and 8.4% and nptII 10.3% and 21.1% 
(Espinosa-Huerta et al., 2013). Successful transformation via A. tumefaciens LBA4404 of 
callus from stems and leaves was achieved at frequencies of 2.8% for one cultivar and 
17.4% for another with two day co-cultivation with additional culture on B5 media with 
selection, prior to culture on regeneration media containing B5 with BA, IAA, and silver 
thiosulfate, and rooting achieved on B5 media (Nifantova et al., 2011). Germination of 
seeds prior to infection with A. tumefaciens LBA4404 using a combination of sonication 
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and vacuum infiltration and direct transfer to soil led to a 3% transformation efficiency 
(Liu et al., 2005). Transformation of common bean via A. rhizogenes has been successful 
after germinating seeds prior to infection of the cotyledonary node using a syringe of six 
common bean cultivars leading to 75 to 95% transformed hairy roots (Estrada-Navarrete 
et al., 2006). Additional transformation via A. rhizogenes has been used with the 
development of GUS positive hairy roots ranging from 20 to 100% depending on 
methods with the optimal methods leading to 100% GUS positive hairy roots (Khandual 
and Reddy, 2014).  
Rationale and Hypotheses 
Although successful transformation has been reported using embryonic axes 
explants via A. tumefaciens (Espinosa-Huerta et al., 2013) and bombardment (Russell et 
al., 1993; Aragão et al., 1996; Aragão and Rech, 1997; Kim and Minamikawa, 1996; Kim 
and Minamikawa, 1997; Aragão et al., 1998; Aragão et al., 1999; Aragão et al., 2002; 
Vianna et al., 2004; Faria et al., 2006; Bonfim et al., 2007; Kwapata and Nguyen, 2012), 
leaves and stems via A. tumefaciens (Nifantova et al., 2011), whole seeds via A. 
tumefaciens with sonication combined with vacuum infiltration (Liu et al., 2005), root 
transformation via A. rhizogenes  (Estrada-Navarrete et al., 2006; Khandual and Reddy et 
al., 2014), and bombardment of the apical meristem (Rech et al., 2008), issues exist with 
methods successful for transformation. In A. tumefaciens transformation, differences 
were reported in transformation efficiency based on strain (GV2260 showed higher 
efficiency than GV3101) however, different selection was used for each strain (nptII for 
GV2260 and bar for GV3101), with no data reported on selection for both strains 
(Espinosa-Huerta et al., 2013). In whole embryo and half seed embryo stab inoculation, 
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higher regeneration was reported for EHA105 (nptII) compared to LBA4404 (hpt) with 
no data reported for both strains on selection (Amugune et al., 2011) making it difficult to 
draw clear conclusions on either appropriate selection or strain. Additionally, in 
transformation via bombardment 10,000 plants were identified as non-GUS positive 
visually with no bar present in the T0 but two of the plants developed transgenic progeny 
lacking the GUS gene but containing bar (Russell et al., 1993) and chimerism in T0 has 
been observed (Russell et al., 1993; Bonfim et al., 2007). Additionally, the cotyledonary 
node has not been reported successfully transformed although successful direct (McClean 
and Grafton, 1989; Franklin et al., 1991; Mohamed et al., 1992; Ahmed et al., 2002; 
Dang and Wei, 2009; Thảo et al., 2013) and indirect (Arellano et al., 2009; Collado et al., 
2013) regeneration have been reported. 
It was hypothesized that common bean can be successfully regenerated and 
transformed using a direct organogenesis half seed transformation protocol optimized for 
soybean transformation (Paz et al. 2006; Luth et al., 2015). The objectives of this 
research were: 1) screen a large number of common bean cultivars to identify cultivars 
showing healthy tissue culture response using a direct organogenesis soybean half seed 
protocol, including ability to turn green after a five day co-cultivation and continue shoot 
development, 2) select cultivars suitable for transformation experiments, and 3) modify 
(i.e. media, hormones, and methods) an established soybean half seed transformation 
protocol to successfully transform common bean.  
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Materials and Methods 
Plant Material 
For regeneration experiments, mature seeds of 93 common bean cultivars 
(Supplemental Table S1) covering a range of seed colors including black (7), cranberry 
(13), dark red kidney (14), dark red mottled (2), great northern (2), light red kidney (22), 
pink (5), pinto (8), red mottled (1), small red (4), small white/navy (3), tan (1), white 
kidney (9), and yellow (2). Cranberry seeds were classified as any cultivars with seeds 
containing a white or tan background and pink stripes/spots, dark red kidney beans were 
a deep red/brown, dark red mottled was a deep red seed with patches of white, light red 
kidney beans were light red/light brown, pink seeds were a tan color with a tint of pink, 
and red mottled seeds were red with patches of white. Additionally, growth habit (vine or 
bush) and gene pool (Andean or Mesoamerican) can be found in Supplemental Table S1. 
For regeneration experiments, 30 cultivars showed vine growth habit, 58 showed bush 
growth habit, and five had unknown growth habits. Tested cultivars also included 63 
from the Andean gene pool and 30 from the Mesoamerican gene pool. Seeds of 89 
cultivars grown in an Iowa field in 2013 were generously provided by Dr. Mark 
Westgate, Iowa State University. Seeds of 4 cultivars (Merlot, Matterhorn, Red Hawk, 
and Zorro) were generously provided by Dr. James Kelly, Michigan State University.  
For transformation experiments, mature seeds of 21 cultivars were selected (Table 
1) and include tan (1), cranberry (7), light red kidney (7), dark red kidney (3), small red 
(1), pinto (1), and pink (1). Sixteen showed a bush growth habit while five showed a vine 
growth habit. Additionally, 17 of the cultivars were from the Andean gene pool while 
four were from the Mesoamerican genepool (Supplemental Table S1). Transformation 
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experiments were focused mainly on Olathe, DOR-364, and VAX-2 (all showing a vine 
growth habit from the Mesoamerican genepool). Immature seeds from cultivars BAT 
477, Taylor Hort, 1062-V98, USDK-4, Cran-09, UCD 0405, OAC Redstar, DOR-364, 
Olathe, and VAX 2 were used for a small number of transformation experiments.  
For all regeneration and transformation experiments using mature seeds, seeds 
were surface sterilized with chlorine gas (Di et al. 1996). For regeneration experiments, 
approximately 30 seeds from each cultivar were placed in 60 × 15 mm petri dishes 
(maximum of eight plates were sterilized during each procedure) in a ring around the 
center of a desiccator contained within a fume hood. For transformation experiments, 50 
to 100 seeds were sterilized in 100 × 20 mm petri dishes (maximum of four plates were 
sterilized during each procedure). For sterilization of all mature seeds, 100 mL of bleach 
(containing 5.25% sodium hypochlorite) was added to a 200 mL beaker placed in the 
center of the desiccator prior to the addition of 3.5mL of 12M HCl (Fisher, ACS, 
Hampton, NH) along the inside of the beaker. The desiccator was closed for 19 to 21 
hours after which point, petri dishes were removed and transferred to a laminar flow 
bench for two hours with the lids removed to allow venting of any remaining chlorine 
gas. Plates were covered and remained in the laminar flow bench or sealed with 
Micropore™ tape (3M, Maplewood, MN) until imbibement. Sterile seeds that were 
sealed with Micropore™ tape were used within two weeks of sterilization. 
For experimentation using immature seeds, pods were collected from a 
greenhouse at Iowa State University and surface sterilized with 70% 2-propanol (Fisher, 
ACS, Hampton, NH) for 30 seconds in sterile magenta boxes. After 30 seconds, the 2-
propanol was discarded and replaced with 25% bleach, magenta boxes were covered with 
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lids, sealed with parafilm, and shaken for 20 minutes on a rotary shaker. Pods were then 
rinsed with sterile water three times and immediately used for dissection described 
below. 
Construct 
The construct used for both regeneration and transformation experimentation was 
designed by Xing Xu (formerly at Iowa State University) and created by GenScript 
(Piscataway, NJ). The construct contains a double CaMV 35S promoter (Odell et al. 
1985), GUS gene with intron (Jefferson et al., 1987), CaMV 35S terminator, and the 
phosphinothricin acetyltransferase (bar gene) (White et al. 1990; Becker et al., 1992; 
Thompson et al., 1987) gene for selection using glufosinate-ammonium (Figure 1a) with 
only the elements within the T-DNA borders shown in Figure 1b. The bar gene contained 
the NOS promoter (Depicker et al., 1982) and terminator. The construct was transferred 
to A. tumefaciens EHA101 (Hood et al., 1986) and LBA4404 (Hoekema et al., 1983) via 
electroporation by diluting plasmid DNA in water to 10 ng/µl and 1 µl of the construct 
was added to competent cells of EHA101 and LBA4404. Samples were placed on ice for 
30 minutes prior to electroporation at 2.5 kV and 25 µF using a 0.1 mm cuvette. 
Following electroporation, 1 mL of yeast extract peptone (YEP) liquid media was used to 
rinse the cuvette with the resulting mixture of Agrobacterium and YEP transferred to a 15 
mL falcon tube for incubation at 28°C shaking at 250 rpm for approximately two hours. 
After incubation, 100 µl was transferred to a 100 × 15 mm petri dish containing solid 
YEP supplemented with 50 mg/L kanamycin and 100 mg/L spectinomycin 
(YEP+K50+Sp100) and incubated for two days at 28°C. For plasmid DNA isolation, a 
single colony was grown overnight at 28°C shaking at 250 rpm in 20 mL 
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YEP+K50+Sp100 in a 200 mL flask and then transferred to a 50 mL falcon tube for 10 
minute centrifugation at 5000 rpm (5180 x g). Plasmid DNA isolation was done using a 
Qiagen® miniprep kit (Qiagen, Germany) and construct integration was confirmed with 
enzymatic digestion. Bacterial glycerol stocks were created by adding equal parts of 
Agrobacterium and 60% glycerol, frozen with liquid nitrogen, and stored at -80°C. 
Agrobacterium Preparation 
 For all regeneration and transformation experiments, all bacterial cultures were 
grown at 28°C shaking at 250 rpm overnight with cultures initiated (two days prior to 
infection) from the glycerol stock in a 15 mL falcon tube containing 2 mL 
YEP+K50+Sp100. EHA101 was used for all regeneration experiments and unless 
specified, it can be assumed used for transformation experiments. After overnight 
incubation, the initiating culture was stored at 4°C until subculture into a larger culture by 
preparing 50 mL (per each infection) of YEP+K50+Sp100 in a 1000 mL flask until 
OD620 = 0.5-1.2. Then 50 mL of Agrobacterium was transferred to 50 mL centrifugation 
tubes for 25 minute centrifugation at 22°C and 5200 rpm (5603 x g). After centrifugation, 
supernatant was discarded and the tubes were placed on sterile paper towels (open end 
down) to drain remaining supernatant. The inside of the tubes were wiped with sterile 
paper towels before adding ~25 mL (adjusted as needed dependent on starting OD) of 
infection media (described below) to each tube for an approximate final OD of 1.6. The 
tubes were placed on a rotary shaker at approximately 120 rpm for a minimum of 30 
minutes prior to infection. 
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Media 
Media used for regeneration experiments (Table 2) was modified from that used 
for soybean transformation from the cotyledonary node (Paz et al. 2006; Luth et al., 
2015). All stock vitamin mixtures and chemicals were stored according to the 
manufacturer and working stocks of hormones and antibiotics were prepared in advance, 
filter sterilized, and stored at -20°C with the exception of asparagine (MP Biomedicals, 
Santa Ana, CA) and pyroglutamic acid (MP Biomedicals, Santa Ana, CA) which were 
prepared together and stored at -4°C. Additional solutions not prepared in advance were 
L-cysteine (Cys) (Sigma-Aldrich, St. Louis, MO), dithiothreitol (DTT) (Fisher, Hampton, 
NH), and 3’,5’-dimethoxy-4’-hydroxyacetophenone (acetosyringone) (Sigma-Aldrich, St. 
Louis, MO) which were prepared immediately prior to use. For sterilization of all media, 
30 minutes of autoclaving was used and media was allowed to cool to 55°C prior to 
adding items listed below the pH to each media (Table 2). 
Infection media was prepared by dissolving 1/10X (0.443 g/L) MS modified 
Basal Medium (MS) (PhytoTechnology Laboratories, Overland Park, KS), 3.9 g/L 2-
ethanesulfonic acid (MES) (Fisher, Hampton, NH), and 30 g/L sucrose (Fisher, Hampton, 
NH) in water and adjusting the pH to 5.4 prior to sterilization. After cooling and 
immediately prior to media addition to pelleted A. tumefaciens EHA101 as described 
above, 1.67 mg/L 6-benzylamionpurine (BA) (Sigma-Aldrich, St. Louis, MO), 40 mg/L 
acetosyringone (AS) (Sigma-Aldrich, St. Louis, MO) and 0.25 mg/L gibberellic acid 
(GA3) (Acros Organics, Belgium) were added. 
Co-cultivation (CC) media was prepared identical to infection media with the 
addition of 4.25 g/L Noble Agar (BD, Franklin Lakes, NJ) prior to sterilization. After 
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sterilization in addition to AS, BA, and GA3, 154.2 mg/L DTT and 400 mg/L Cys were 
added. Media was poured into 100 × 15 mm petri dishes (approximately 10 mL/plate) 
and allowed to solidify before placing a sterile seven cm piece of filter paper (Fisher) in 
each plate.  
Shoot induction (SI) media was prepared by dissolving 1X (4.43 g/L) MS, 0.59 
g/L MES, 30 g/L sucrose in water, adjusting the pH to 5.7, and adding 7 g/L Noble Agar 
prior to sterilization. After cooling, 1.11 mg/L BA, 100 mg/L Cefotaxime (Cefo) (Sanofi 
Aventis, France), 50 mg/L Timentin (Time) (GlaxoSmithKline, United Kingdom), and 50 
mg/L Vancomycin (Vanco) (Hospira, Lake Forest, IL) were added and approximately 35 
mL/plate was poured into 100 × 20 mm petri dishes. Shoot elongation (SE) media was 
prepared identical to SI media prior to sterilization. After sterilization, 0.5 mg/L GA3, 50 
mg/L asparagine, 100 mg/L pyroglutamic acid, 0.1 mg/L indole-3-acetic acid (IAA) 
(Acros Organics, Belgium), 1 mg/L zeatin-riboside (Z-R) (RPI, Mount Prospect, IL), 100 
mg/L Cefo, 50 mg/L Time, and 50 mg/L Vanco were added to the media before being 
poured in 100 × 25 mm petri dishes (approximately 45 mL/plate). Although explants for 
regeneration experiments were infected with EHA101 containing the bar gene, no 
selection was imposed at any stage of tissue culture, explants were infected to ensure the 
most accurate cultivar response to the percentage turning green and regeneration was 
observed in order to accurately select cultivars for transformation experiments.  
For transformation experiments, media was similar to media used for regeneration 
experiments with modifications (Tables 3 through 7). All media were given a unique 
name for identification. Media was prepared as described for regeneration experiments 
before and after sterilization with differences only existing in the pH and in components 
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added to the media. All infection media (Table 3) is designated by the start to every 
media combination including an “I-” with additional descriptors designating changes 
from the base infection media (I-MS) that was used for regeneration experiments (Table 
2). In addition to components shown in Table 3 all infection media contained 1/10X basal 
media, 30 g/L sucrose, and 0.25 mg/L GA3. Additional infection media combinations that 
were used included the base media (I-MS) with MES removed (I-MS+0MES), 
adjustments to the BA concentration including 3.34 mg/L (I-MS+3BA), 5 mg/L (I-
MS+5BA) without MES (I-MS+5BA+0MES) at pH 5.6 (I-MS+5BA+0MES+5.6), 6.68 
mg/L (I-MS+6BA), 10 mg/L (I-MS+10BA) without MES (I-MS+10BA+0MES). For 
infection media with 5 mg/L BA without MES, AS was adjusted to 20 mg/L (I-
MS+5BA+0MES+20AS), 80 mg/L (I-MS+5BA+0MES+80AS), or 120 mg/L (I-
MS+5BA+0MES+120AS). Gamborg B5 Basal Medium (B5) (PhytoTechnology 
Laboratories, Overland Park, KS) was additionally used and was identical to the base 
media (I-MS) with the exception that MS was replaced with B5 (I-B5) with BA 
adjustment to 5 mg/L BA (I-B5+5BA) without MES (I-B5+5BA+0MES).  
For CC media (Table 4) all media is designated with “CC-” and the base media, 
(CC-MS) is identical to the CC media described for regeneration experiments (Table 2). 
In addition to the components listed in Table 4, 1/10X basal media, 30 g/L sucrose, 4.25 
g/L Noble agar, 0.25 mg/L GA3, 154.2 mg/L DTT, and 400 mg/L Cys were added to all 
CC media. Adjustments to the base CC media (CC-MS) include removal of MES (CC-
MS+0MES) at pH 5.6 (CC-MS+0MES+5.6), BA concentration increased to 3.34 mg/L 
(CC-MS+3BA), 5mg/L (CC-MS+5BA) without MES (CC-MS+5BA+0MES) at pH 5.6 
(CC-MS+5BA+0MES+5.6), 6.68 mg/L (CC-MS+6BA), and 10 mg/L (CC-MS+10BA) 
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without MES (CC-MS+10BA+0MES) at pH 5.6 (CC-MS+10BA+0MES+5.6). 
Additionally for media containing 5 mg/L BA without MES, adjustment was made to the 
concentration of AS to 20 (CC-MS+5BA+0MES+20AS), 80 (CC-
MS+5BA+0MES+80AS), and 120 mg/L (CC-MS+5BA+0MES+120AS). B5 basal media 
was also used that was identical to the base CC media (CC-MS) except MS was replaced 
with 1/10X B5 (CC-B5). The concentration of BA was also increased to 5 mg/L (CC-
B5+5BA) without MES (CC-B5+5BA+0MES).      
For SI media (Table 5) all media is designated as “SI-” with the base media (SI-
MS+0G) identical to the SI media used for regeneration experiments (Table 2). In 
addition to the components listed in Table 5, all SI media contained 1X basal media, 30 
g/L sucrose, 7 g/L noble agar, pH 5.7, and 50 mg/L Vanco. Adjustments to the base 
media include the addition of glufosinate (Gluf) (ChemService, West Chester, PA) in 
concentrations of 1 mg/L (SI-MS+1G), 2 mg/L (SI-MS+2G) without MES (SI-
MS+0MES+2G), 4 mg/L (SI-MS+4G), and 8 mg/L (SI-MS+8G). The concentration of 
BA was also adjusted to 2.22 mg/L without (SI-MS+2BA+0G) and with 2 mg/L Gluf (SI-
MS+2BA+2G), 3.33 mg/L without (SI-MS+3BA+0G) and with 2 mg/L Gluf (SI-
MS+3BA+2G), 4.44 mg/L without (SI-MS+4BA+0G) and with 2 mg/L Gluf 
(SI+MS+4BA+2G), 5 mg/L with 1 mg/L Gluf (SI-MS+5BA+1G) without MES (SI-
MS+5BA+0MES+1G) and 2 mg/L Gluf (SI-MS+5BA+2G) without MES (SI-
MS+5BA+0MES+2G), 10 mg/L BA without MES and 1 mg/L Gluf (SI-
MS+10BA+0MES+1G) and 2 mg/L Gluf (SI-MS+10BA+2G) without MES (SI-
MS+10BA+0MES+2G). Additionally using 5 mg/L BA without MES with 1 mg/L Gluf, 
Time was increased to 300 mg/L (SI-MS+5BA+0MES+300Time+1G) and Cefo was 
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increased to 500 mg/L (SI-MS+5BA+0MES+500Cefo+1G). B5 basal media was used 
identical to the base media (SI-MS+0G) with the exception of B5 used in place of MS 
and the addition of 4 mg/L (SI-B5+4G) or 8 mg/L Gluf (SI-B5+8G). The concentration 
of BA was also increased to 5 mg/L without MES and 1 mg/L (SI-B5+5BA+0MES+1G) 
or 2 mg/L Gluf (SI-B5+5BA+0MES+2G). 
For SE media, all media is designated with a start of “SE-” and all modified from 
the base media (SE-MS+0G) identical to media used for regeneration (Table 2). In 
addition to the components for each media (Table 6) all media contained 1X basal media, 
30 g/L sucrose, 7 g/L noble agar, pH 5.7, and 50 mg/L Vanco. The concentration of Gluf 
was adjusted to 1 mg/L (SE-MS+1G) without MES (SE-MS+0MES+1G) with 300 mg/L 
Time (SE-MS+0MES+300Time+1G) or 500 mg/L Cefo (SE-MS+0MES+500Cefo+1G), 
2 mg/L (SE-MS+2G) without MES (SE-MS+2G), 4 mg/L (SE-MS+4G), and 8 mg/L 
(SE-MS+8G). In further modifications of SE media using 1 mg/L Gluf without MES, 
adjustments were made to the growth hormones with all hormones removed (SE-
MS+0MES+NH+1G), containing only 0.5 mg/L (SE+MS+0.5BA+0MES+1G) or 1 mg/L 
BA (SE-MS+1BA+0MES+1G) in combination with 0.01 mg/L IAA (SE-
MS+1BA+0.01IAA+0MES+1G) or 0.1 mg/L GA3 (SE-MS+1BA+0.1GA+0MES+1G), 
and 0.5 mg/L GA3 alone (SE-MS+0.5GA+0MES+1G). MS Modified Basal Medium with 
Gamborg Vitamins (MSB5) (PhytoTechnology Laboratories, Overland Park, KS) was 
also tested with media identical to the base SE media (SE-MS+0G) with the exception of 
MS being replaced with MSB5 and the addition of 8 mg/L Gluf (SE-MSB5+8G). 
Additionally, B5 was used with the addition of 4 mg/L Gluf (SE-B5+4G) and without 
MES containing 1 mg/L (SE-B5+0MES+1G) or 2 mg/L Gluf (SE-B5+0MES+2G). 
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Rooting media (Table 7) is all designated with an “R-” with the base rooting 
media containing 1/2X MSB5, 0.59 g/L MES, 20 g/L sucrose, pH 5.6, and 7 g/L of Noble  
Agar prior to sterilization. After sterilization, 1 mg/L indole-3-butyric acid (IBA) 
(PhytoTechnology Laboratories, Overland Park, KS) was added to complete the base 
media (R-MSB5+0G). The based media (R-MSB5+0G) was modified with MS replacing 
MSB5 and 1 mg/L (R-MS+1G) or 2 mg/L Gluf (R-MS+2G). Both MES and Gluf were 
removed (R-MS+0MES+0G) with the pH adjusted to 5.7 (R-MS+0MES+5.7+0G), IBA 
was increased to 2 mg/L (R-MS+0MES+2IBA+0G) or removed (R-
MS+0MES+0IBA+0G) with sucrose reduced to 10 g/L (R-MS-0MES-1%-0IBA-0G). 
Tissue Culture  
For seed imbibement, preliminary experimentation using both immature and 
mature Olathe seeds compared the effects of imbibing seeds in sterile water covered with 
tinfoil in a Percival (Percival, Perry, IA) at 24°C to imbibing seeds on a rotary shaker 
shaking at 80 to 100 rpm at room temperature (~28 to 30°C). A higher percentage of 
mature seeds imbibed and a higher regeneration resulted for immature seeds when 
imbibed on a shaker (data not shown), leading to the use of a rotary shaker at room 
temperature for imbibement for all regeneration experiments and the majority of 
transformation experiments unless otherwise specified. In place of imbibement on a 
rotary shaker, for a small number of experiments involving immature seeds, no seed 
imbibement was used and instead seeds were removed from pods immediately prior to 
infection (discussed further below). Additionally, for a small number of experiments, 
seeds were germinated on B5 media containing 1X B5 media, 20g /L sucrose, pH 5.8, 
and 3 g/L phytagel (Sigma-Aldrich, St. Louis, MO) (discussed further below). 
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For regeneration, tissue culture was performed using a direct organogenesis 
method with regeneration from the cotyledonary node using half seeds developed for 
soybean transformation (Paz et al. 2006; Luth et al., 2015) with all cultures (CC, SI, and 
SE) maintained at 24°C with 16:8 (light:dark) photoperiod with 17 watt fluorescent bulbs 
(Philips, Somerset, NJ) at 144.26 μmoles sec-1 m-2 in Pervical incubators. Explants were 
prepared by dissecting seeds along the hilum using a number 15 sterile scalpel blade 
(Feather, Japan), separating the seeds into two cotyledons, removing the seed coat, 
trimming the embryonic axis, and placing the resulting half-seed explants in 100 × 25 
mm petri dishes for infection with 25 mL Agrobacterium/infection mixture 
(Agrobacterium preparation and Media previously discussed) by adding the mixture to 
each plate, covering the plate with a lid, and infecting at room temperature on a laminar 
flow bench. After 30 minutes of infection, explants were removed from the liquid and 
transferred to sterile paper towels adaxial side up and then transferred to CC media 
adaxial side down with five to six explants per plate. Plates were then placed inside of 
plastic bags and slits were cut in the bags to allow ventilation before being placed in a 
Pervical for incubation. 
After five days, the number of explants turning green was recorded and explants 
were transferred to sterile paper towels to remove excess liquid before being transferred 
with the nodal end down to the first SI (SI-1) with six explants per plate. All plates were 
sealed with Micropore™ tape and incubated for two weeks. For transfer to the second SI 
(SI-2), the number of explants developing a shoot was recorded (used to calculate the 
regeneration frequency), all shoots were removed, and only explants that developed a 
shoot that could be removed were transferred to fresh SI for two more weeks. After two 
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weeks on SI-2, explants were transferred to SE media by removing half of the cotyledon 
and embedding the explant in the media with six explants per plate. Explants were 
transferred to fresh SE media every two weeks by trimming the shoot pad to expose fresh 
green tissue. For regeneration experiments, explants were not transferred to rooting and 
were discarded when full necrosis was observed or after six passages on SE media. 
For transformation experiments using mature and immature seeds, tissue culture 
was performed under identical temperature and light described above for regeneration 
experiments, however a number of methods (Table 8) were used on the cultivars shown 
in Table 1. The basic methodology was identical to regeneration experiments with 1) 
seeds imbibed in sterile water on a shaker in dark, 2) dissecting the seeds into two halves 
and trimming the embryonic axis, 3) infection on a laminar flow bench at room 
temperature, 4) five days of co-cultivation 5) in light, transferring explants to sterile 
paper towels before 6) direct transfer from CC to SI-1, 7) removing all shoots after SI-1 
before transfer to SI-2, and 8) culturing explants in SE media in 100 × 25 mm petri dishes 
with 9) rooting shoots in magenta boxes (M7 Table 8). Modifications to M7 include Step 
5 with co-cultivation occurring in the dark instead of the light in M10, Step 1 with 
imbibing seeds in water with the addition of 40 mg/L AS in M21, and to Step 2 with 
additional wounding to the cotyledonary node in M9. Further modification to M9 at Step 
1 replaced imbibement with germinating seeds on germination media at 24°C in M5 and 
in the dark for M6. Step 6 was modified in M7 and instead of directly transferring from 
CC to SI-1, explants had all shoots and leaves removed after CC before transfer to SI-1 
and at Step 7, no shoots were removed and explants were instead transferred directly 
from SI-1 to SI-2 for M8. Further modification of M8 at Step 1 involved the addition of 
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40 mg/L AS to the water for imbibement in M22 and at Step 3 by infecting explants on a 
shaker instead of a laminar flow bench in M12. Additional modification to M12 was at 
Step 1 by scarifying the seeds prior to imbibement in M20 or with the addition of 40 
mg/L AS in M23, and additional wounding to the cotyledonary node in Step 2 for M15.  
For Step 8 of M12, plastic food service containers with lids (8 oz., Solo, Lake 
Forest, IL) were used in place of 100 × 25 mm petri dishes and for Step 9, plastic food 
service containers with lids (12 oz., Solo, Lake Forest, IL) were used in place of magenta 
boxes in M13. For M14, the only difference from M13 was that at Step 2 in addition to 
seed dissection and trimming the embryonic axis, all visible leaves were removed prior to 
infection while M16 further added additional wounding on the cotyledonary node and 
additional adjustment to M16 with the addition of 0.01% bleach added to the water for 
seed imbibement in M26. Step 1 was modified in M14 with the addition of 1 mg/L BA to 
water for imbibement in M24, whereas for M25, 0.01% bleach was added to water. Step 
4 was adjusted from five days CC in M14 to four days in M11 and to six days in M19. 
For M17 and M18, both were identical to M14 with the exception that at Step 7, explants 
did not complete a passage on SI-2 and were instead transferred directly from SI-1 to SE-
1 in M17 whereas for M18, all shoots were additionally removed after SI-1 prior to 
transfer to SI-2.  
Methods used only for experiments with immature seeds were modified from M7 
with the alteration of Step 1 where seeds were not imbibed and instead seeds were 
removed from sterile pods and used immediately for infection in M2 with Step 4 further 
adjusting duration of CC to six days in M3. Step 7 was modified from M2 with no shoots 
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removed when explants were transferred from SI-1 to SI-2 in M1 whereas for M4, shoots 
were additionally removed when explants were transferred from SI-1 to SI-2. 
GUS Assay 
Leaf and shoot tissue was assayed for GUS overnight (~18 to 20 hours) at 37°C  
in X-Gluc substrate containing 50 mM NaPO4 buffer (pH 7.0), 5 mM potassium 
ferricyanide (pH 7.0) (Fisher, Hampton, NH), 5 mM potassium ferrocyanide (pH 7.0) 
(Acros Organics, Belgium), 0.1% Triton X100 (MP Biomedicals, Santa Ana, CA), 1% 
DMSO (dimethyl sulfoxide) (Fisher, Hampton, NH), 1.5 mM 5-bromo-4-chloro-3-
indolyl-β-D-glucuronide cyclohexyl-ammonium salt (X-Gluc) (Biosynth, Itasca, IL) and 
sterile distilled water to desired volume (Jefferson et al., 1987). Tissue was de-stained 
with 70% ethanol and examined under a microscope.  
Results and Discussion 
 The purpose of this research was to develop an A. tumefaciens mediated 
transformation protocol for common bean adapted from a transformation protocol for 
soybean (Paz et al., 2006; Luth et al., 2015). It was hypothesized that common bean could 
be transformed using half seed explants. The following sections describe the results of a 
large cultivar screen to identify cultivars showing high ability to regenerate in tissue 
culture and experiments for transformation of common bean.  
Comparison of MS and B5 Basal Media in Regeneration 
Successful regeneration using the cotyledon as an explant after germinating seeds 
has been reported using MSB5 (McClean and Grafton, 1989; Mohamed et al., 1992; Thảo 
et al., 2013) and MS media (Ahmed et al., 2002). Regeneration from the cotyledon with a 
split embryonic axis has been successful with MS (Franklin et al., 1991) and MSB5 
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media (Dang and Wei, 2009). Reports of successful common bean regeneration involved 
germinating seeds in contrast to the method used in this research where seeds were 
imbibed in water overnight created a need to directly compare basal media. Cultivar 
Olathe was selected for comparing basal media with preliminary experimentation 
resulting in 0 to 18% regeneration when explants were cultured on B5 media compared to 
42 to 72% regeneration when explants were cultured on MS media. Further comparisons 
of B5, MS, and MSB5 media on mature Olathe seeds led to a greater percentage of 
explants developing a shoot after two weeks on shoot induction when culture was on MS 
media (66.7%), compared to MSB5 (58.5%) and B5 (50%). Additionally, a higher 
number of explants were transferred through three passages of shoot elongation when 
cultured on MS compared to MSB5 and B5 and a higher number of shoots elongated on 
MS (15%), compared to MSB5 (13.8%) and B5 (0%). As a result of the higher shoot 
development and higher percentage of explants passing through each stage of tissue 
culture, MS media was selected for all regeneration experiments, consistent with earlier 
work (Franklin et al., 1991; Ahmed et al., 2002).  
Cultivar Screen for Regeneration 
The main objective of regeneration experiments for 93 cultivars (Supplemental 
Table S1) was to identify cultivars suitable for transformation experiments that showed a 
high ability to turn green and continue shoot development. For regeneration experiments, 
explants for all cultivars were treated identically to ensure the most accurate comparisons 
of regeneration could be obtained. Conditions were 18 hour seed imbibement in dark on a 
rotary shaker, 30 minute infection with A. tumefaciens EHA101 at room temperature on a 
laminar flow bench, five day co-cultivation, and two passages on shoot induction media 
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(M7, Table 8) with no selection imposed at any stage. Explants were transferred to shoot 
elongation media but data were not collected on the number or quality of developing 
shoots and rooting was not attempted in regeneration experiments.  
For regeneration experiments involving the chosen 93 cultivars, data were 
collected on the number turning green after a five day co-cultivation with the percentage 
green calculated based on the number of explants turning green and the number that were 
infected and transferred to co-cultivation media for all 93 cultivars. The regeneration 
frequency for each cultivar was calculated based on the number of explants that 
developed a removable shoot after two weeks on shoot induction prior to transfer to the 
second shoot induction and the number that were transferred to the first shoot induction. 
No additional data were collected for any of the 93 cultivars screened for regeneration. 
There was large variability between cultivars in the ability to turn green, ranging from 0 
to 100% of the explants turning green (Tables 9 through 11).  For all cultivars tested, 
explants in which the embryonic axis had been removed resulted in no regeneration, 
inconsistent with earlier studies that germinated seeds and regenerating plants from the 
cotyledonary node showing the embryonic axis not to be critical for bud production, but 
the presence of the embryonic axis did enhance production (Franklin et al., 1991).  
Of the 93 cultivars tested for ability to turn green after five days of co-cultivation, 
23 (24.7% of all tested cultivars) were identified with over 50% of all explants infected 
turning green after co-cultivation and one cultivar had 100% of all explants turn green 
(Table 9). Differences were observed between cultivars in the greenness of explants with 
selected cultivars shown in Figure 2, IJR with 100% of all explants turning green 
showing a darker more solid green after CC (Figure 2a left panel) compared to BAT 477 
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showing 65.9% of explants turning green after five days co-cultivation with a lighter less 
solid green observed (Figure 2b left panel). However, the regeneration for cultivars with 
over 50% turning green after five days of co-cultivation (based on the number that 
developed a shoot after the first shoot induction) ranged from 29.2 to 92.1% (Table 9), 
with differences between the number and morphology of shoots that developed between 
cultivars. Selected cultivar IJR showed 92.1% regeneration and short bushy shoots with 
multiple leaves (Figure 2a right panel) likely as a result of the bush growth habit of IJR. 
In contrast, BAT 477 showed 62.5% regeneration with small shoots without many leaves 
(Figure 2b right panel), with taller shoots likely attributed to the vine growth habit for 
BAT 477.  
Of the cultivars tested, 33 (35.5%) showed an 18.5 to 45.2% ability to turn green 
after co-cultivation with the regeneration ranging from 0 to 77.8% (Table 10). 
Differences in the greenness of explants were observed and for selected cultivars, OAC 
inferno had 36.8% of explants turning green with a darker green (Figure 2c left panel) 
than that observed for A-55 with 21.6% of all explants turning green with a light pale 
green color (Figure 2d left panel). Additionally, differences in the number and 
morphology of shoots that developed existed between OAC Inferno with 50% 
regeneration showing shorter shoots with more leaves (Figured 2c, right panel) consistent 
with the bush growth habit. For A-55 an 11.1% regeneration resulted (Figure 2d, right 
panel) making comparisons on shoot morphology difficult, although a vine growth habit 
for A-55 supports the smaller shoot observed with a minimal number of leaves. 
For the other 37 (39.8%) cultivars, the percentage green ranged from 0 to 17.6% 
with a regeneration frequency of 0 to 100% (Table 11). Cultivars with 0 to 17.6% turning 
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green made it difficult to identify any differences in shoot growth between cultivars after 
one passage on shoot induction media, although regeneration ranged from 0 to 100%. 
The number of explants that were transferred to shoot induction media ranged from 2 to 
18 (Table 11). Selected cultivar Camelot showed 10% turning green (Figure 5e, left 
panel) compared to Voyager with 0% green (Figure 2f, left panel) and minimal 
differences between cultivars in the greenness. For both cultivars, Camelot (Figure 2e, 
right panel) and Voyager (Figure 2f, right panel), 0% regeneration resulted with minimal 
differences in growth observed after one passage on shoot induction media. 
Previous experiments reporting successful regeneration from the cotyledonary 
node involvde a small number of cultivars (one to three) (Franklin et al., 1991; Mohamed 
et al., 1992; Ahmed et al., 2002; Dang and Wei, 2009; Thảo et al., 2013) with the largest 
involving eight (McClean and Grafton, 1989). In the case of this research, 93 cultivars 
were screened, considerably adding to existing data on regeneration from the 
cotyledonary node using half seed explants. Additionally, key information is provided on 
the ability of explants to turn green after co-cultivation and continue shoot development 
(regeneration). The number of explants developing shoots varied in regeneration from 0 
to 100% (Tables 9 to 11) across 93 cultivars consistent with earlier work showing the 
number of nodes developing buds and shoots after six weeks varied across six cultivars 
(McClean and Grafton, 1989). Although, in the case of this research, the number of 
explants developing shoots was recorded after two weeks on shoot induction media, the 
results are consistent with reported variation in shoot production between cultivars 
(McClean and Grafton, 1989). When regenerating from the cotyledonary node after seed 
germination, 10 to 15 days was needed for shoot development (Franklin et al., 1991), 
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although different methodology was employed, the duration needed for shoot production 
is consistent with the two weeks of shoot induction used in this research. Additionally, 
regeneration reported previously utilized different cultivars than cultivars reported in this 
work making direct comparisons difficult. However, 55.6% of nodes formed buds and 
shoots for cultivar Olathe (McClean and Grafton, 1989) and a very similar 57.7% 
regeneration rate was observed in this work (Table 10) allowing comparison of results 
even though different methods were used. These data support the previously reported 
variation in regeneration across cultivars (McClean and Grafton, 1989) with variation in 
this research of 0 to 100%. Additionally, in regeneration from the cotyledon with a split 
embryonic axis, the embryonic axis was shown to enhance bud production but was not 
critical (Franklin et al., 1991). Whereas, in this work, if the embryonic axis was 
inadvertently removed from the cotyledon prior to co-cultivation, no further growth was 
observed, suggesting the importance of the embryonic axis in regeneration from the 
cotyledonary node. However, with precise removal of the embryonic axis as to not 
damage the cotyledonary node, it is possible that regeneration would occur.  
In regeneration from the cotyledonary node, BA has been shown to be important 
for shoot development and when absent, no shoot formation occurred (McClean and 
Grafton, 1989) with the optimal concentrations reported as 1 mg/L (Ahmed et al., 2002), 
1.14 mg/L (McClean and Grafton, 1989; Mohamed et al., 1992), and 2.5 mg/L with NAA 
(Thảo et al., 2013). In regeneration from the cotyledonary node with split embryonic axis, 
the optimal BA concentration was 3.4 mg/L when combined with GA (Franklin et al., 
1991) and 1 mg/L BA with GA (Dang and Wei, 2009). In this research, BA was used for 
shoot induction at a concentration of 1.67 mg/L for a co-cultivation of five days prior to 
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transfer to shoot induction media containing 1.11 mg/L BA similar to previous work 
(McClean and Grafton, 1989; Mohamed et al., 1992; Ahmed et al., 2002). However, in 
all previous research, seeds were germinated and infection and co-cultivation were not 
carried out. As a result of different methodologies and cultivars in previous regeneration 
research, BA concentration needed to be directly compared for cultivars selected for 
transformation experiments (Table 1). However, as a result of not imposing selection in 
regeneration experiments in this research, an appropriate concentration of glufosinate 
needed to be first identified. Minimal research is available on common bean 
transformation using the bar gene. For cultivars Condor, Matterhorn, Sedona, Olathe, and 
Montcalm after bombardment of the apical meristem, 4 mg/L glufosinate was used 
during tissue culture (Kwapata et al., 2012). Transformation of the embryonic axis on 
cultivars Flor de Mayo Anita and Pinto Saltillo via A. tumefaciens used 0.2 mg/L 
glufosinate during tissue culture (Espinosa-Huerta et al., 2013). Different methodology 
was employed in this research and an optimal concentration of glufosinate needed to be 
determined. Initially, cultivar Olathe was used for glufosinate comparisons because of 
successful bombardment of the embryonic axis (Aragão et al., 1996; Aragão et al., 1998; 
Aragão et al., 2002; Aragão et al., 2004; Faria et al., 2006; Bonfim et al., 2007). 
Comparison of mature or immature seeds for transformation and regeneration 
 For plant transformation, both mature and immature seeds can often be used 
successfully for transformation. In common bean, reports of transformation experiments 
with immature seeds are not available. Mature seeds offer the advantages of easier 
obtainment of starting material and they can be used for organogenesis whereas immature 
seeds can be used for embryogenesis. In recalcitrant species, both immature and mature 
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seeds can be used to determine if differences exist between mature or immature seeds in 
infection and regeneration. 
Mature Olathe 
Initial experiments with mature Olathe used 12 days of germination on 
germination media prior to dissection into two halves with additional wounding (M5, 
Table 8). Tissue culture was on media identical to that of successful soybean 
transformation (Paz et al., 2006; Luth et al., 2015) (I-B5, CC-B5, SI-B5+8G, and SE-
MSB5+8G, Tables 3 through 6) resulting in no shoot growth observed. However, as a 
result of successful transformation reported on MS media via A. tumefaciens using 
hypocotyls (Espinosa-Huerta et al., 2013) and leaves and stems (Nifantova et al., 2011) 
and via bombardment (Russell et al., 1993; Aragão et al., 1996) it was difficult to 
determine if lack of growth was due to the basal media or glufosinate concentration. 
Combined with preliminary regeneration experiments showing higher regeneration with 
MS media, B5 was replaced with MS and the glufosinate concentration was decreased.  
For comparison, seeds of mature Olathe were germinated in light (M5, Table 8) 
and dark (M6, Table 8) prior to explant preparation then infection and co-cultivation on 
media replacing B5 with MS (I-MS and CC-MS, Tables 3 and 4). Dark treatment was 
used because of higher reported shoots developing per explant in regeneration from the 
cotyledonary node after germination in the dark (Mohamed et al., 1992) and increased 
infection in transformation of the cotyledonary node with additional wounding after 
germination in the dark (Zhang et al., 1997). Additionally, for shoot induction and 
elongation, various concentrations of glufosinate were used including 0 mg/L (SI-
MS+0G and SE-MS+0G, Tables 5 and 6), 4 mg/L (SI-MS+4G and SE-MS+4G, Tables 5 
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and 6), and 8 mg/L (SI-MS+8G and SE-MS+8G, Tables 5 and 6). Shoot formation did 
not occur in light or dark treatments when 8 mg/L glufosinate was used. For light 
treatments, minimal shoot formation and growth was observed when explants were 
cultured on media containing 4 mg/L glufosinate, whereas for dark, no growth was 
observed. When 0 mg/L glufosinate was used in tissue culture media, shoot formation 
was observed for light treatments whereas no growth was observed for dark treatments 
inconsistent with earlier work reporting a higher number of shoots developing from the 
cotyledonary node when seeds were germinated in dark (Mohamed et al., 1992). 
As a result of no regeneration on MS or B5 media when 8 mg/L of glufosinate 
was included in tissue culture media, the concentration of glufosinate was reduced to 4 
mg/L to compare basal media with selection. Basal media directly compared were MS (I-
MS, CC-MS, SI-MS+4G, SE-MS+4G, Tables 3 through 6) and B5 (I-B5, CC-B5, SI-
B5+4G, SE-B5+4G, Tables 3 through 6) after seed imbibement in water on a shaker with 
shoot removal prior to transfer to SI-2 (M7, Table 8). Explants grown on MS media 
appeared healthier than explants cultured on B5 media, consistent with previous 
regeneration experiments using MS media for regeneration from the cotyledonary node 
(Franklin et al., 1991; Ahmed et al., 2002) and confirming preliminary basal media 
comparisons. However, as a result of the concentration of glufosinate, minimal shoot 
growth was occurred regardless of the basal media. As a result of the healthier 
appearance of explants cultured on MS, 4 mg/L glufosinate was again used as a control 
(I-MS, CC-MS, SI-MS-4G, SE-MS+4G, Tables 3 through 6) comparing to 0 mg/L, 1 
mg/L, and 2 mg/L glufosinate for shoot induction (SI-MS+0G, SI-MS+1G, SI-MS+2G, 
Table 5) and elongation (SE-MS+0G, SE-MS+1G, SE-MS+2G, Table 6). Regeneration 
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was observed when explants were cultured without glufosinate for an average 
regeneration of 7.9% across three replications (individually 0.0, 11.5, and 12.1% 
regeneration) with rooting successful on MSB5 media without glufosinate containing 1 
mg/L IBA (R-MSB5+0G, Table 7). Shoot formation and elongation was observed for one 
explant cultured on media containing 1 mg/L glufosinate, however, 0% regeneration was 
observed and rooting was unsuccessful (R-MSB5+0G, Table 7).  
To further determine if dark provides an advantage for shoot development 
(Mohamed et al., 1992) and infection (Zhang et al., 1997) with reducing the 
concentration of glufosinate from 8 mg/L, seeds were imbibed in water overnight (in 
contrast to seed germination) and co-cultivation in light (M7, Table 8) or dark (M10, 
Table 8) on MS media (I-MS, CC-MS, Tables 3 and 4). After co-cultivation explants 
were cultured on MS media with glufosinate concentrations of 2 and 4 mg/L for shoot 
induction (SI-MS+2G, SI-MS+4G, Table 5) and elongation (SE-MS+2G, SE-MS+4G, 
Table 6) (although healthier growth was observed when explants were cultured on media 
with 1 mg/L glufosinate, 2 mg/L was selected to compare to 4 mg/L as a result of not 
obtaining stably transformed tissue). When co-cultivation was in the dark (M10, Table 8) 
less growth was observed compared to co-cultivation in light (M7, Table 8) regardless of 
the concentration of glufosinate. Combined, dark germination did not result in shoot 
growth and after seed imbibement, less growth resulted from co-cultivation in the dark 
compared to the light, inconsistent with previous research reporting a higher number of 
shoots per explant when dark was used for germination (Mohamed et al., 1992). 
However, in previous research, BA was included in germination media at a concentration 
of 1.14 mg/L BA (Mohamed et al., 1992), whereas, no BA was included in this research. 
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The lack of growth when seeds were germinated in the dark could be explained by the 
absence of BA in the germination media, however after seed imbibement overnight in 
water, explants were co-cultivated in the presence of 1.11 mg/L BA for five days, similar 
to the concentration reported used in germination media of 1.14 mg/L (Mohamed et al., 
1992). Additionally, differences may exist as a result of different cultivars used and in not 
imposing selection in earlier research (Mohamed et al., 1992). Furthermore, it has been 
shown that germination of seeds in the dark with BA increases the infection rate in 
transformation of the cotyledonary node with additional wounding (Zhang et al., 1997). 
In this research, explants were not assayed for GUS after five days of co-cultivation so it 
is possible that transient expression was increased in the dark treatments. However, 
reduced growth was observed when co-cultivation was in dark compared to light, 
suggesting that infection was reduced or that dark affected explant growth from the start. 
Consistent with previous work germinating seeds and wounding the cotyledonary node 
for a number of cultivars with no successful stable transformation (Zhang et al., 1997), no 
successfully transformed shoots were regenerated for cultivar Olathe. Inconsistent with 
reported research using 4 mg/L glufosinate using Olathe for transformation via 
bombardment (Kwapata et al., 2012), 4 mg/L led to full necrosis.  
The minimal observed regeneration and transformation of Olathe could be a result 
of less than optimal BA inclusion. In regeneration from the cotyledonary, BA has been 
shown to be important for regeneration (McClean and Grafton, 1989; Dang and Wei 
2009) with variable shoot development with differing concentrations of BA within a 
cultivar and between cultivars (McClean and Grafton, 1989). Variation in the optimal 
concentration of BA has been reported for cultivar Olathe at 1.14 mg/L in regeneration 
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from the cotyledonary node (McClean and Grafton, 1989), 2.5 mg/L in bombardment of 
the meristem (Kwapata et al., 2012), and 10 mg/L in bombardment of the embryonic axis 
(Aragao et al., 1996). Four concentrations of BA were compared after imbibing seeds in 
water overnight and co-cultivating explants for five days (M7, Table 8). For all 
experiments, infection media contained 1.67 mg/L BA (I-MS, Table 3). A total of four 
different co-cultivation and shoot induction combinations/groups were compared. Group 
1 was co-cultivated on 1.67 mg/L BA (CC-MS, Table 4) and transferred to 1.11 mg/L for 
shoot induction without (SI-MS+0G, Table 5) and with 2 mg/L glufosinate (SI-MS+2G), 
group 2 was co-cultivated with 3.34 mg/L (CC-MS+3BA, Table 4) and transferred to 
2.22 mg/L BA without (SI-MS+2BA+0G) and with 2 mg/L glufosinate (SI-
MS+2BA+2G, Table 5), group 3 was co-cultivated with 5 mg/L (CC-MS+5BA, Table 4) 
and transferred to 3.33 mg/L BA without (SI-MS+3BA+0G, Table 5) and with 2 mg/L 
glufosinate (SI-MS+3BA+2G, Table 5), and group 4 was co-cultivated with 6.68 mg/L 
(CC-MS+6BA, Table 4) and transferred to 4.44 mg/L BA for shoot induction without 
(SI-MS+4BA+0G, Table 5) and with 2 mg/L glufosinate (SI-MS+4BA+2G, Table 5). 
Shoot elongation media contained both 0 and 2 mg/L glufosinate (SE-MS+0G and SE-
MS+2G, Table 6) with all rooting attempted without glufosinate (R-MSB5+0G). Minimal 
shoot growth was observed regardless of BA concentration and no regeneration was 
observed in any group when explants were cultured on media containing 2 mg/L 
glufosinate. For media lacking glufosinate, the highest number of shoots developed for 
group 1 (14) with and a regeneration of 33% (shoot induction media with 1.11 mg/L BA). 
Explants from group 2 developed a similar number of shoots (12) and a regeneration of 
71.4% with (shoot induction media with 2.22 mg/L BA). A lower number of shoots 
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developed for group 3 (5) with a regeneration of 60% (SI with 3.33 mg/L) and no shoots 
developing in group 4 and a regeneration of 0% (shoot induction media with 4.44 mg/L 
BA). For all groups, shoots that developed for rooting were assayed for GUS by 
removing a few leaves prior to transfer to rooting media however no GUS activity was 
observed. Mature Olathe showed a low rate of tumor formation when stab inoculated 
using C58 at multiple sites in addition to no significant GUS activity (Lewis and Bliss, 
1994) supporting the results reported here where no stable GUS expressing tissue 
resulted. Additionally, mature Olathe was successfully transformed via bombardment to 
generate plants resistant to glufosinate (Aragão et al., 2002), inconsistent with the results 
here in lack of successful transformation via A. tumefaciens. 
Based on shoot number, it is unclear whether 1.11 mg/L (14 shoots) or 2.22 mg/L 
BA (12 shoots) is optimal for Olathe however both concentrations are similar to reported 
optimal BA concentration for Olathe in regeneration from the cotyledonary node at 1.14 
mg/L (McClean and Grafton, 1989) and 2.5 mg/L with IAA used in regeneration and 
bombardment of the meristem (Kwapata et al., 2010; Kwapata et al., 2012). Combined 
with the lower number of shoots developing with 3.33 mg/L (5) and 4.44 mg/L BA (0), 
the results are consistent with reported variation in shoot development resulting from the 
concentration of BA in regeneration from the cotyledonary node (McClean and Grafton, 
1989). However, the lack of successful regeneration and transformation of Olathe could 
be as result of the large variability in the percentage of explants turning green after five 
days co-cultivation ranging from 14.5 to 75%, with an average of 21.6% turning green 
(Table 10). The large variability made experimentation difficult and the number of 
explants being transferred at each step of tissue culture largely variable. As a result of the 
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variability in the percentage of mature Olathe turning green and the number of explants 
transferred throughout tissue culture, immature Olathe was used for numerous 
experiments to determine if a higher regeneration response would be observed.  
Immature Olathe 
Immature Olathe seeds were harvested from pods that were green and white with 
pink stripes in appearance (Figure 3a). Green pods with stripes appeared 21 to 28 days 
after flowering with seed sizes approximately 11 to 13 mm (Figure 3b). White pods 
appeared 22 to 36 days after flowering with seed sizes 11 to 14 mm. Seeds of immature 
Olathe were compared from pods that were two days old or freshly harvested after 
imbibing seeds in water overnight on a shaker (M7, Table 8) on media with various 
concentrations of glufosinate. All seeds were infected and co-cultivated with 1.67 mg/L 
BA (I-MS and CC-MS, Tables 3 and 4) for five days prior to transfer to shoot induction 
media with 1.11 mg/L BA and glufosinate in concentrations of 0 mg/L (SI-MS+0G, 
Table 5), 1 mg/L (SI-MS+1G, Table 5), 2 mg/L (SI-MS+2G), and 4 mg/L (SI-MS+4G, 
Table 5) with shoot removal after two weeks on shoot induction prior to transfer a second 
shoot induction. For shoot elongation, explants were transferred to media with identical 
concentrations of glufosinate as the SI media contained (SE-MS+0G, SE-MS+1G, SE-
MS+2G, and SE-MS+4G, Table 6). Healthy shoot growth was visible for explants 
cultured on media without glufosinate (Figure 4a), however, no elongated shoots were 
transferred to rooting. For explants cultured on media with 1 mg/L glufosinate, shoot 
growth was noticeably less than when explants were cultured on media lacking 
glufosinate (Figure 4a) but shoots elongated for transfer to rooting media (R-MSB5+0G, 
Table 7) from both two day old (three shoots) and fresh pods (four shoots). However, 
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rooting was unsuccessful, thus no regeneration was observed. For explants cultured on 
both 2 and 4 mg/L glufosinate, no growth was observed when 4 mg/L was used while 
slight growth was observed for 2 mg/L (Figure 4a), however, no shoots elongated. As a 
result of the slight growth on 2 mg/L glufosinate and the growth of non-transformed 
shoots on 1 mg/L glufosinate, 2 mg/L was selected for additional experimentation to 
reduce the development of non-transformed shoots. Additionally, because of the 
importance of BA in regeneration from the cotyledonary node (McClean and Grafton, 
1989; Dang and Wei, 2009), BA concentration was compared on immature Olathe.  
Immature Olathe was further tested without any seed imbibement, pods were 
collected and sterilized then seeds were excised and dissected immediately prior to 
infection (I-MS, Table 3) with five days of co-cultivation (CC-MS, Table 4) and shoots 
removed after two weeks on shoot induction media (M2, Table 8). Shoot induction media 
contained BA in concentrations of 1.11 mg/L (SI-MS+0G, Table 5) with 2 mg/L 
glufosinate (SI-MS+2G, Table 5), 2.22 mg/L (SI-MS+2BA+0G, Table 5) with 2 mg/L 
glufosinate (SI-MS+2BA+2G, Table 5), 3.33 mg/L (SI-MS+3BA+0G, Table 5) with 2 
mg/L glufosinate (SI-MS+3BA+2G, Table 5), and 4.44 mg/L (SI-MS+4BA+0G, Table 5) 
with 2 mg/L glufosinate (SI-MS+4BA+2G, Table 5). For shoot elongation, explants were 
maintained on identical concentrations of glufosinate used in shoot induction media (SE-
MS+0G and SE-MS+2G, Table 6). For all concentrations of BA, no regeneration was 
observed when 2 mg/L glufosinate was in the media and for all concentrations of BA 
only one shoot elongated when 4.44 mg/L BA was used. When shoot induction media did 
not contain glufosinate, shoots developed for rooting (R-MSB5+OG, Table 7) for all 
concentrations of BA. However, variation in shoot formation and regeneration resulted. 
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The highest shoot development occurred when media contained 1.11 mg/L BA (36 
shoots) with 28.21% regeneration, 2.22 mg/L BA (six shoots) with 41.67% regeneration, 
3.33 mg/L BA (two shoots) with 50% regeneration, and 4.44 mg/L (six shoots) with a 
regeneration of 0%, consistent with variation in shoot development from the cotyledonary 
node within a cultivar based on the concentration of BA (McClean and Grafton, 1989). 
Comparisons of concentrations of BA were replicated to adjust the concentration 
of BA in infection and co-cultivation media, with 0 and 2 mg/L glufosinate used in shoot 
induction and shoot elongation media for pods obtained immediately prior to sterilization 
with the seeds excised and imbibed in water overnight on a shaker (M7, Table 8). 
Explants were infected and co-cultivated on media containing 1.67 mg/L (I-MS, CC-MS, 
Tables 3 and 4) with transfer to shoot induction with 1.11 mg/L BA (SI-MS+0G, SI-
MS+2G, Table 5), 3.34 mg/L (I-MS+3BA, CC-MS+3BA, Tables 3 and 4) with transfer 
to shoot induction with 2.22 mg/L BA (SI-MS+2BA+0G, SI-MS+2BA+2G, Table 5), 
5.01 mg/L (I-MS+5BA, CC-MS+5BA, Tables 3 and 4) with transfer to shoot induction 
with 3.33 mg/L BA (SI-MS+3BA+0G, SI-MS+3BA+2G, Table 5), and 6.68 mg/L (I-
MS+6BA, CC-MS+6BA, Tables 3 and 4) with transfer to shoot induction with 4.44 mg/L 
BA (SI-MS+4BA+0G, SI-MS+4BA+2G, Table 5). For all concentrations of BA, explants 
were cultured on shoot elongation media with identical concentrations of glufosinate as 
used for shoot induction media (SE-MS+0G, SE-MS+2G, Table 6). Regardless of the 
concentration of BA, healthy growth was observed when media did not contain 
glufosinate (Figure 5) although differences were observed. The highest shoot growth was 
for explants cultured on shoot induction media with 1.11 mg/L BA. Additionally, no 
shoots that developed and elongated on media without glufosinate were transferred to 
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rooting. For explants cultured on media with 2 mg/L glufosinate, shoot growth was 
noticeably less than the shoot growth of explants cultured without glufosinate. For all 
tested concentrations of BA, media containing 4.44 mg/L BA in shoot induction media 
with 2 mg/L glufosinate was the only concentration in which shoots developed to be 
transferred to rooting (R-MSB5+0G), however, rooting was unsuccessful and no GUS 
positive tissue resulted.  
As a result of minimal shoot development with any concentration of BA when 
seeds were imbibed in water overnight (M7, Table 8) and only four shoots developing 
when 4.44 mg/L BA was in SI media, to further experiment with seeds imbibed overnight 
in water (M7, Table 8), the BA concentration was selected based on experiments without 
imbibing seeds in water (M2, Table 8). As previously discussed, higher regeneration 
resulted from culturing explants on shoot induction media without glufosinate containing 
3.33 mg/L BA (50% regeneration) compared culture on shoot induction media with 2.22 
mg/L (41.67% regeneration) and 1.11 mg/L BA (28.21% regeneration). However, 2.22 
mg/L was selected for further experimentation as a result of a higher number of shoots 
elongating for transfer to rooting when shoot induction media contained 2.22 mg/L BA 
(six shoots) compared to 3.33 mg/L BA (two shoots). Although 1.11 mg/L BA in shoot 
induction media led to 36 shoots developing for rooting, only 28.21% regeneration was 
observed and thus was not selected. Further experiments with immature Olathe involved 
infecting and co-cultivating explants on 3.34 mg/L (I-MS+3BA, CC-MS+3BA, Tables 3 
and 4) with 2.22 mg/L BA and 2 mg/L glufosinate used for shoot induction (SI-
MS+2BA+2G) with shoots removed after two weeks on shoot induction. All explants 
were cultured on shoot elongation media with 2 mg/L glufosinate (MS-SE+2G, Table 6) 
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and rooting without glufosinate (R-MSB5+0G, Table 7). Pods were collected fresh and 
both one and two days prior to use. Regardless of the pod age, seeds were removed from 
the pods immediately after sterilization, seeds were excised and imbibed in water 
overnight on a shaker (M7, Table 8). Additionally, green and white striped pods were 
used (Figure 3a). For both green and white striped pods that were two days old, no 
regeneration was observed with only one shoot elongating from green striped pods. For 
explants from pods that were one day old, no regeneration was observed (no shoots 
developed) from white pods whereas 0.86% regeneration resulted from green pods (two 
shoots developed). For seeds removed from freshly harvested pods, explants from seeds 
from green pods showed 1.37% regeneration (two shoots developed) whereas white pods 
showed 10% regeneration (one shoot developed) but no GUS positive tissue was 
obtained. When seeds were imbibed (M7, Table 8), the highest regeneration was 10% 
compared to 50% when no seed imbibement was used (M2, Table 8) suggesting 
immature seeds should be excised and immediately used for experimentation (M2, Table 
8).  
The concentration of BA, was, additionally increased to 10 mg/L for immature 
Olathe because mature Olathe seeds have been reported successfully transformed via 
bombardment with explants cultured on media containing 10 mg/L BA (Aragao et al., 
1996). For experiments with 10 mg/L BA, explants were infected and co-cultivated with 
10 mg/L BA (I-MS+10BA, CC-MS+10BA, Table 3 and 4) and transferred to shoot 
induction media with 10 mg/L BA and 2 mg/L glufosinate (SI-MS+10BA+2G Table 5). 
Shoot elongation media contained 2 mg/L glufosinate (SE-MS+2G, Table 6) while 
rooting media contained both 1 mg/L (R-MS+1G, Table 7) and 2 mg/L glufosinate (R-
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MS+2G, Table 7). Pods were collected one, three, and four days prior to use and seeds 
were removed immediately after sterilization prior to infection and no shoot removal at 
any stage (M1, Table 8) or shoot removal after two weeks on shoot induction prior to 
transfer to fresh shoot induction after five (M2, Table 8) or six days of co-cultivation 
(M3, Table 8). Pods used were green with stripes or white with stripes (Figure 3a) with 
both types combined together for experimentation. As a result of the availability of pods, 
not all pod ages were tested using all methods. Seeds obtained from pods one and three 
days old were used for both M1 and M2 while seeds from pods four days old were used 
for M2 and M3 (Table 8). Table 12 shows the number of explants that were transferred to 
SI-1 based on pod age and method ranging from 104 to 358. The number of shoots that 
elongated and were transferred to rooting varied from 5 to 30 and the number 
successfully rooted shoots ranged from two to three. For one day old pods using M1, 
rooting was unsuccessful on media with both 1 and 2 mg/L glufosinate (0% regeneration, 
Table 12), whereas for M2, two shoots rooted when 1 mg/L glufosinate was included 
whereas no rooting was successful with 2 mg/L glufosinate (0.57% regeneration, 
averaged across three replications, Table 12). For explants from three day old pods using 
M1, rooting was unsuccessful on media with 2 mg/L glufosinate but two were rooted 
successfully on media with 1 mg/L glufosinate (1.02% regeneration, averaged across two 
replications Table 12). However, for shoots obtained from M2, no rooting was successful 
regardless of the concentration of glufosinate (0% regeneration, Table 12). For explants 
from four day old pods, two of the three successfully rooted shoots were rooted on media 
containing 2 mg/L glufosinate, whereas, one was successfully rooted when 1 mg/L was 
present using M2 for a combined regeneration of 0.75% (averaged across four 
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replications) (Table 12). For M3 rooting was only successful when 1 mg/L glufosinate 
was used, (1.02% regeneration averaged across three replications, Table 12). However, 
no GUS positive tissue was obtained from any treatment. The age of explants used for A. 
tumefaciens transformation of the cotyledonary node has been shown to be important 
with a higher infection after germinating seeds for eight days compared to four (Zhang et 
al., 1997) and higher susceptibility has been reported after shorter germination (one to 
three days) compared to longer germination (five to seven days) (Mohamed et al., 2006). 
Although infection rate was not determined with GUS analysis after co-cultivation, 
regardless of the method, explants from pods three and four days old led to more shoots 
elongating for rooting than explants obtained from pods one day old showing the 
importance of explant age for transformation experiments similar to previously reported 
work (Zhang et al., 1997; Mohamed et al., 2006). 
In contrast to previous research of successful transformation via bombardment of 
Olathe (Aragão et al., 1996; Aragão et al., 1998; Aragão et al., 2002; Aragão et al., 2004; 
Faria et al., 2006; Bonfim et al., 2007; Rech et al., 2008), using Olathe did not lead to 
successful transformation via A. tumefaciens using half seed explants. Additionally, 4 
mg/L of glufosinate lead to full explant necrosis inconsistent with previously reported 
concentrations suitable for tissue culture after bombardment of the apical meristem 
(Kwapata et al., 2012). Previous research in transformation of Olathe using the 
cotyledonary node resulted in no significant GUS activity (Lewis and Bliss, 1994), 
consistent with the results reported in this research. As a result of the low regeneration 
response under selection of Olathe (mature and immature) and the lack of any successful 
140 
 
 
stable transformation, but the higher regeneration response of immature Olathe, nine 
cultivars were used for experiments with immature seeds. 
Immature Cultivar Screen 
Immature seeds of cultivars 1062-V98, USDK-4, Cran-09, OAC Redstar, BAT 
477, DOR 364, VAX 2, Taylor Hort, and UCD 0405 (Table 1) were tested for 
regeneration response. The optimal concentration of BA was not compared for each 
cultivar and instead 5 mg/L was selected for infection (I-MS+5BA, Table 3), co-
cultivation (CC-MS+5BA, Table 4), and shoot induction media with 2 mg/L glufosinate 
(SI-MS+5BA+2G, Table 5) (based on the preference for mature seeds to 5 mg/L BA 
described below). Shoot elongation media for all experiments was identical with 2 mg/L 
glufosinate (SE-MS+2G, Table 6). Additionally, seeds were excised from pods and 
imbibed in water overnight (M7, Table 8) with 40 mg/L AS (M21, Table 8) or seeds were 
excised from pods immediately prior to infection with no imbibement (M2, Table 8). For 
all methods shoots were removed after two weeks on shoot induction prior to transfer to 
fresh shoot induction media. After five days of co-cultivation, three explants from each 
group were assayed for transient GUS expression with the exception of UCD 0405 that 
was not assayed for seeds that were imbibed in water. Figures 6 and 7 show the results of 
GUS assay for imbibement in water, imbibement in water with AS, or no imbibement. 
Similar location of staining was observed within a cultivar regardless of the imbibement 
with the exception of USDK-4 which showed intense GUS expression when seeds were 
imbibed in water with AS. Figure 7 (right 3 panels) show transient GUS expression for 
Taylor Hort and UCD 0405 with additional comparisons to mature seeds (left 2 panels) 
that were imbibed in water and water with AS infected and co-cultivated on identical 
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media and conditions. For all immature cultivars, no regeneration was observed. Minimal 
research is available on the use of immature seeds in direct regeneration using the 
cotyledonary node, however, it has been shown that higher infection is observed in 
mature seeds when compared with immature seeds (Zhang et al., 1997). A clear 
conclusion on infection rates in mature and immature seeds cannot be made from this 
work (Figure 7), it was only possible to compare immature and mature seeds of two 
cultivars directly using identical media and methods and similar patterns of GUS 
expression were observed. Variation has been observed between cultivars in tumor 
formation when stab inoculation was used at seven different sites across cultivars (Lewis 
and Bliss, 1994). These results were similar to the results in this research between 
cultivars in variability of transient GUS expression, some cultivars showed more 
expression (1062-V98 and Cran-09) while others showed minimal expression (USDK-4 
for no imbibement and imbibement in water). Previous research showed without AS in 
co-cultivation media, tumor formation occurred, but proliferation was higher when AS 
was included in infection media for the cotyledonary and leaf nodes (Becker et al., 1994) 
consistent with differences after imbibement in water or water with AS (40 mg/L) 
(Figures 6, and 7). However, for some cultivars, DOR 364 and VAX 2 immature seeds, 
similar staining was observed regardless of imbibement (Figure 6) similar to leaves 
showing similar GUS expression if AS was present or absent in infection media (Kapila 
et al., 1997). 
Shoot Removal after Co-cultivation 
After five days of co-cultivation, shoots are visible in common bean 
transformation. To allow for maximal duration of new shoot formation, experiments were 
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performed with immature Olathe to determine the effects of removing shoots after co-
cultivation and additionally after two weeks on shoot induction media. For experiments, 
seeds were removed from pods immediately prior to infection (I-MS and CC-MS, Table 3 
and 4) and cultured on shoot induction media with 1.11 mg/L BA and 0 or 2 mg/L 
glufosinate (SI-MS+0G and SI-MS+2G, Table 5) with SE media containing identical 
concentrations of glufosinate (SE-MS+0G and SE-MS+2G, Table 6). For explants with 
shoots removed only after SI-1 (M2, Table 8), or when shoots were removed after CC 
and after SI-1 (M4, Table 8), no regeneration was observed when media contained 2 
mg/L glufosinate. For explants cultured on media without glufosinate, healthy shoot 
growth was observed for explants after two weeks on shoot induction, both without 
(Figure 8, top left panel) and with shoots removed after co-cultivation (Figure 8, bottom 
left panel). For both groups, shoots were removed after two weeks on shoot induction, 
prior to transfer to fresh shoot induction media and both groups showed healthy growth 
(Figure 8, middle panels). Additionally, after two weeks on shoot elongation media, 
explants continued to show healthy growth with no noticeable differences in growth 
between groups (Figure 8, right panel). Regeneration for explants with shoots only 
removed after SI-1 was 28.21%, whereas, when shoots were removed after CC and SI-1, 
regeneration was 35.48% (Figure 9) with successful rooting on MSB5 media containing 1 
mg/L IBA lacking glufosinate (R-MSB5+0G, Table 7). Regardless of regeneration, no 
stable GUS expression was observed As a result of similar explant growth when shoots 
were removed after co-cultivation, removing shoots after co-cultivation was selected to 
allow explants a longer duration for new shoots to develop. However, the majority of 
later experimentation involved only removing shoots after co-cultivation to allow 
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maximal duration on shoot induction media for new shoot formation. Previous work has 
reported BA to be important in regeneration from the cotyledonary node (McClean and 
Grafton, 1989; Dang and Wei, 2009) with no shoot formation occurring when BA was 
absent (McClean and Grafton, 1989) leading to experimentation for seven cultivars 
(Table 1) to identify the optimal concentration leading to the highest shoot development. 
Evaluation of key media components 
 Plant growth hormones (cytokinins and auxins) are important for plant 
regeneration. An important cytokinin for shoot development is BA. In regeneration of 
common bean, BA has shown to be important for shoot development from the 
cotyledonary node (McClean and Grafton, 1989; Dang and Wei, 2009). In tissue culture, 
a common buffer used is MES but in transformation of common bean it has been shown 
to inhibit tumor formation by A. tumefaciens at the cotyledonary node (Becker et al., 
1991). Numerous experiments were conducted to determine the effects of MES in tissue 
culture, if MES negatively affects infection and explant growth. Additionally, AS is often 
included in media to increase infection and attempts were made to increase infection of 
common bean by pre-culturing seeds with AS. 
Identification of Optimal Concentration of 6-benzylaminopurine 
As a result of the varying response of Olathe (mature and immature) and 
additional immature cultivars tested in tissue culture with shoots developing on media 
containing 1 and 2 mg/L glufosinate, 2 mg/L was selected as a more stringent comparison 
to identify the optimal concentration of BA for cultivars Blush, Taylor Hort, IJR, DOR 
364, K-42, UCD 0405, and VAX 2 (Table 1). The goal was to identify the optimal BA 
concentration for cultivars in addition to identifying cultivars showing healthy tissue 
144 
 
 
culture response under selection to be used for additional transformation experiments. 
Cultivars Blush, Taylor Hort, IJR, DOR 364, K-42, UCD 0405, and VAX-2 (Table 1) 
were all initially compared under identical conditions. Cultivars were infected with media 
containing 5 mg/L BA (I-MS-5BA, Table 3) and co-cultivated for five days on media 
containing three different concentrations of BA before direct transfer to shoot induction 
media containing identical concentrations with shoots removed after two weeks on shoot 
induction prior to transfer to fresh shoot induction media (M7, Table 8). Group 1 explants 
were cultured on co-cultivation with 1.67 mg/L BA (CC-MS, Table 4) before transfer to 
SI with 1.11 mg/L BA (SI-MS+2G, Table 5), group 2 explants were co-cultivated on 5 
mg/L BA with SI containing identical BA concentration (CC-MS+5BA, SI-
MS+5BA+2G, Tables 4 and 5), while group 3 explants were co-cultivated and transferred 
to shoot induction with 10 mg/L BA (CC-MS+10BA and SI-MS+10BA+2G, Tables 4 
and 5). For experiments in which explants were able to be transferred to SE media, all 
media was identical regardless of the group and contained 2 mg/L glufosinate (SE-
MS+2G Table 6). For cultivar Blush, equivalent shoot growth resulted from culture on 
shoot induction with 1.11 and 5 mg/L, however, growth was also observed for 10 mg/L. 
For cultivars Taylor Hort, DOR-364 (Figure 10a), K-42, IJR, UCD 0405, and VAX-2, 
explants cultured on 5 mg/L BA showed healthy growth although growth was also 
observed for 10 mg/L. For all cultivars, 5 mg/L had a slightly higher number of explants 
transferred through tissue culture compared to 10 mg/L (data not shown) and was initially 
selected for experimentation. Shoot elongation for rooting did not occur for any cultivar. 
For cultivar Blush, additional wounding was applied prior to infection (M9, Table 8) and 
compared to explants not additionally wounded (M7, Table 8) compared on BA 
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concentrations of 1.11 mg/L, 5 mg/L and 10 mg/L. Regardless of the wounding, BA was 
confirmed as a result of shoot growth for explants cultured on 1.11 and 5 mg/L BA. The 
additional wounding did not alter shoot growth and regardless of method, no shoot 
elongation occurred. The response to BA has been shown to vary between cultivars in 
regeneration from the cotyledonary node in the percentage of explants developing a shoot 
(McClean and Grafton, 1989; Malik and Saxena, 1992) and from the embryonic axis with 
significant differences in shoots formed (Arias et al., 2010; Chandel and Pandey, 2014) 
consistent with results reported here with variation observed in tissue culture response 
between cultivars.  
Regeneration from the cotyledonary node indicated optimal concentration of BA 
for cultivars to be 1.14 mg/L (McClean and Grafton, 1989) and 5 mg/L BA (Dang and 
Wei, 2009), NAA combined with 1 mg/L (Ahmed et al., 2002) and 2.5 mg/L BA (Thao et 
al., 2013), and GA with 3.4 mg/L BA (Franklin et al., 1991). In regeneration from the 
embryonic axis, 5 mg/L BA was determined to be the optimal concentration across 
cultivars (Arias et al., 2010; (Chandel and Pandey, 2014). Across cultivars 5 mg/L was 
determined optimal in this work, consistent with results obtained in regeneration of the 
cotyledonary node BA (Dang and Wei, 2009) and embryonic axis (Arias et al., 2010; 
(Chandel and Pandey, 2014). Additionally in bombardment of the embryonic axis, some 
cultivars showed preference for media containing 1 mg/L while others had a preference 
for 5 mg/L (Aragão and Rech 1997) and in regeneration of the embryonic axis, optimal 
concentration of BA was shown to vary between cultivars (Kwapata et al., 2010), 
consistent with the results here with all tested cultivars showing higher preference for 5 
mg/L BA, with the exception of cultivar Blush.  
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Optimal 6-benzylaminopurine Comparisons and the Effects of MES 
Inclusion of MES in co-cultivation media has been shown to inhibit tumor 
formation at the cotyledonary and leaf node (Becker et al., 1994) and when included for 
indirect regeneration from the embryonic axis, no regeneration was observed 
(Mukeshimana et al., 2013) but MES is often used as a buffer in tissue culture. To 
validate the results of BA comparisons accounting for any effect of MES, K-42 was 
infected and co-cultivated on media with varying concentrations of BA with and without 
MES with additional pH adjustment to 5.6 (from 5.4). Shoots were observed after five 
days co-cultivation for mature seeds. As a result of the higher regeneration of immature 
Olathe when shoots were removed after co-cultivation and shoot induction (35.48%) 
compared to only after shoot induction (28.21%), shoots were removed after co-
cultivation prior to transfer to shoot induction media (shoots were not additionally 
removed after two weeks on shoot induction) (M8, Table 8). A total of nine treatments 
were used for co-cultivation media (Table 13) with all infection media containing 5 mg/L 
BA with (I-MS+5BA, Table 3) and without MES (I-MS+5BA+0MES, Table 3) at pH 5.6 
(I-MS+5BA+0MES+5.6, Table 3). For co-cultivation, 1.67 mg/L, 5 mg/L, and 10 mg/L 
BA were compared, with and without MES with pH increased to 5.6. Shoot induction 
contained all treatments described previously used for determining optimal BA, including 
1.11 mg/L, 5 mg/L, and 10 mg/L BA with and without MES and 2 mg/L glufosinate 
(Table 13). In addition, shoot elongation media was prepared with and without MES and 
2 mg/L glufosinate (Table 13). For explants infected and cultured on co-cultivation media 
without MES, explants were cultured on shoot induction and shoot elongation media 
without MES. After five days of co-cultivation, three explants in each treatment were 
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assayed for transient GUS expression (Figure 11). Explants cultured on media with MES 
showed more intense GUS expression for all concentrations of BA (Figure 11, left 
panels) than explants cultured without MES (Figure 11, middle panels) and at pH 5.6 
(Figure 11, right panels). No differences were observed between explants cultured on 
media without MES at pH 5.4 or 5.6 (Figure 11, middle and right panels), similar to 
research reporting no differences in tumor growth or transformation when comparing pH 
5.5 and 5.9 (Becker et al., 1994).  Although more intense transient expression resulted 
when co-cultivation media contained MES, after two weeks on shoot induction, healthier 
growth was observed for explants cultured without MES at any stage (Figure 12, middle 
and right columns) compared with explants cultured with MES (Figure 12, left column) 
regardless of the shoot induction BA concentration (1.11 mg/L, 5 mg/L, and 10 mg/L). 
The effect of MES was most noticeably different for explants cultured on SI media with 
1.11 mg/L or 5 mg/L BA (Figure 12, top and middle rows). No explants were regenerated 
in any treatment, however, a greater number were transferred through tissue culture when 
shoot induction contained 5 mg/L BA without MES, supporting initial BA comparisons 
identifying 5 mg/L BA as optimal for K-42.  
As a result of the negative effects of MES and to confirm BA concentration 
accounting for effects of MES, DOR 364 was selected for additional comparison. 
However, only 5 mg/L and 10 mg/L BA were compared as a result of the healthier 
explant growth when cultured with 5 mg/L and 10 mg/L compared to 1.11 mg/L BA 
(Figure 10a). In this case, explants were cultured on media without MES at any stage, 
infected on a shaker, and had shoots removed after co-cultivation (M13, Table 8). 
Multiple experiments were carried out with either 5 or 10 mg/L BA, without MES, and 1 
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mg/L glufosinate. Infection (I-MS+5BA+0MES and I-MS+10BA+0MES, Table 3), co-
cultivation (CC-MS+5BA+0MES and CC-MS+10BA+0MES, Table 4), and shoot 
induction media contained 5 or 10 mg/L BA (SI-MS+5BA+0MES and SI-
MS+10BA+0MES, Table 5). Shoot elongation media did not contain MES and 1 mg/L 
glufosinate was used (SE-MS+0MES+1G, Table 6). A total of six replications were used 
for each concentration of BA. When shoot induction media contained 5 mg/L BA, in four 
of the six experiments, shoots elongated (13) for transfer to rooting, whereas when SI 
media contained 10 mg/L BA, only one of the six experiments developed a shoot (1) to 
be transferred to rooting. For the 13 shoots that developed on shoot induction media with 
5 mg/L BA, two of the shoots were unsuccessfully rooted on MS media without IBA (R-
MS+0MES+0IBA+0G, Table 7), whereas, the other 11 shoots were transferred to media 
with 1 mg/L IBA (R-MS+0MES+0G, Table 7). With a total of two shoots successfully 
rooted, total regeneration across six replications was 0.42%. Additionally, GUS positive 
tissue was obtained for tissue samples removed from two shoots prior to rooting leading 
to 0.42% of GUS tissue across replications. However, for the two shoots with stable GUS 
expression, rooting was unsuccessful. No shoot development and elongation resulted 
from culture of explants on 10 mg/L BA supporting initial BA experiments identifying 5 
mg/L BA for DOR-364 as optimal. However, it is possible a concentration between 5 and 
10 mg/L would be more optimal and result in higher shoot formation and regeneration.  
Comparison of Seed Imbibement with Acetosyringone or Water and the Effects of 
MES 
To further identify the effects of MES on tissue culture, cultivars UCD 0405, 
Taylor Hort, VAX 2, DOR-364, Blush, Olathe, and K-42 were imbibed in water and 
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water containing 40 mg/L AS to determine if pre-culturing seeds with AS would result in 
higher GUS expression. Additionally, regeneration was compared with MES included for 
all stages of tissue culture, only in co-cultivation media, and excluded for all tissue 
culture with the basic methodology outlined in Figure 13. For UCD 0405, VAX 2, Taylor 
Hort, DOR 364, Olathe, and K-42, 5 mg/L BA with and without MES was used in 
infection (I-MS+5BA and I-MS+5BA+0MES, Table 3) and co-cultivation (CC-MS+5BA 
and CC-MS+5BA+0MES, Table 4), shoot induction media with and without MES with 1 
mg/L glufosinate used for Olathe and K-42 (SI-MS+5BA+1G and SI-
MS+5BA+0MES+1G, Table 5) and 2 mg/L glufosinate used for UCD 0405, VAX-2, 
Taylor Hort, and DOR 364 (SI-MS+5BA+2G and SI-MS+5BA+0MES+2G, Table 5). 
For shoot elongation, 1 mg/L glufosinate was used for Olathe and K-42 (SE-MS+1G and 
SE-MS+0MES+1G, Table 6) and 2 mg/L glufosinate was used for UCD 0405, VAX-2, 
Taylor Hort, and DOR 364 (SE-MS+2G and SE-MS+0MES+2G, Table 6). As a result of 
previously discussed results of the optimal concentration of BA for cultivar Blush 
showing healthy growth when co-cultivated with both 1.67 and 5 mg/L BA, 1.67 mg/L 
BA, with and without MES, was used in infection (I-MS and I-MS+0MES, Table 3) and 
CC (CC-MS and CC-MS+0MES, Table 4), SI media with 1.11 mg/L BA both with and 
without MES with 2 mg/L glufosinate (SI-MS+2G and SI-MS+0MES+2G, Table 5), and 
identical SE media as was used for other tested cultivars cultured on media containing 2 
mg/L glufosinate.  
For UCD 0405, VAX 2, Olathe, and Taylor Hort, seeds were infected on a 
laminar flow bench at room temperature after imbibement in water and all shoots were 
removed from explants only after co-cultivation (M8, Table 8). Additionally, seeds were 
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imbibed with 40 mg/L AS (M22, Table 8). Olathe was infected on a rotary shaker after 
imbibement in water (M12, Table 8) with AS (M23, Table 8) and compared to infection 
on the laminar bench after imbibement in water (M8, Table 8) with AS (M22, Table 8). 
For Olathe, after five days co-cultivation on media with MES after imbibement in water, 
54.56% of explants turned green (averaged across two replications) when infected on a 
shaker compared to 51.85% when infected on the laminar bench. When Olathe was co-
cultivated for five days without MES, 50% of explants turned green after co-cultivation 
when infected on the shaker compared to 48.15% after infection on the bench. Similar 
results were observed after imbibement in AS, 45.59% turned green after co-cultivation 
with MES and 51.85% without MES when infected on the shaker, compared to infection 
on the bench with 33.3% of explants turning green after co-cultivation with MES and 
44.4% when co-cultivated without MES. Regardless of inclusion of MES or imbibement, 
no shoots elongated for Olathe. However, as a result of the higher number turning green 
with infection on a rotary shaker, the preferred method of infection for additional 
experiments was using a rotary shaker. Cultivars DOR-364, Blush, and K-42 were all 
infected on a rotary shaker after imbibement in water (M12, Table 8) water with AS, 
(M23, Table 8) and all shoots were removed after co-cultivation.  
Figure 14 shows transient GUS analysis of DOR 364, Taylor Hort, K-42, and 
UCD 0405 after five days of co-cultivation after infection on a laminar flow bench 
(Taylor Hort and UCD 0405) and infection on a rotary shaker (DOR 364 and K-42). 
Direct comparisons in expression within a cultivar comparing infection on the laminar 
flow bench and the rotary shaker cannot be made. Assaying for transient GUS expression 
was not performed for any cultivar directly comparing infection differences resulting 
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from the rotary shaker or laminar bench within a cultivar using identical media aside 
from Olathe previously described. However, comparisons can be made between DOR 
364 and K-42 and between Taylor Hort and UCD 0405. DOR 364 showed more intense 
blue than K-42 when MES was present in the co-cultivation media (Figure 14, top two 
rows), while when MES was absent from the co-cultivation similar expression was 
observed regardless of imbibement (Figure 14, bottom two rows). For cultivar Taylor 
Hort, the opposite pattern resulted with more intense blue observed when MES was 
absent from co-cultivation media (Figure 14, bottom two rows, 2nd from the right) 
compared to when MES was present (Figure 14, top two rows, 2nd from the right) and 
overall higher GUS expression compared to UCD 0405 (Figure 14, right column). 
Differences were also observed within a cultivar between treatments, most noticeably 
with DOR 364 (Figure 14, left column), more intense blue staining resulted for seeds 
imbibed in both water and AS infected and co-cultivated with MES. However, for all 
cultivars, no shoots developed for rooting resulting in no regeneration. UCD 0405 (Figure 
15) and Taylor Hort (not shown) showed poor tissue culture response with all explants 
discarded after one passage of SE media regardless of treatment, while Blush and K-42 
showed slightly better response, minimal growth and elongation occurred (not shown).  
The healthiest growth was observed for DOR 364 (Figure 15) and VAX 2 (not 
shown). For VAX 2, explants from seeds imbibed in water with AS showed poor 
response and were discarded four full weeks before explants obtained from seeds imbibed 
in water alone. Explants from seeds imbibed in water did not elongate for rooting, 
although explants stayed green regardless of MES, making it difficult to draw a clear 
conclusion on the effects of MES in all media, only in co-cultivation media, or absent 
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from all media. For DOR 364, similar growth was observed between explants regardless 
of imbibement and inclusion of MES, but the highest overall growth was when MES was 
in the infection and co-cultivation media (Figure 15). Although DOR 364 showed healthy 
growth across treatments after four weeks on shoot induction media no shoots survived 
for transfer to rooting. The inclusion of AS in co-cultivation media (20 mg/L) resulted in 
higher tumor proliferation in infection of cotyledonary and leaf nodes than when AS was 
absent (Becker et al., 1994) similar to the differences observed in transient GUS analysis 
after seed imbibement in water compared to water with AS (40 mg/L) for mature and 
immature seeds (Figures 6, 7, and 14). Variation has been observed between cultivars in 
tumor formation when stab inoculation was used at seven different sites (Lewis and Bliss, 
1994), similar to what has been observed herein, cultivars showed varying GUS 
expression but highest across cultivars in the hypocotyl (Figure 14). Similarly, variation 
was reported in susceptibility between and within 16 cultivars stab inoculated at the 
hypocotyl and epicotyl (Karakaya and Özcan, 2001) similar to results observed in this 
research. DOR 364 showed GUS expression in both the hypocotyl and epicotyl when 
MES was present in co-cultivation, whereas, UCD 0405 showed expression in the 
hypocotyl but minimal expression in the epicotyl (Figure 14). As a result of the healthier 
explant growth when MES was not included in tissue culture media (Figure 12), VAX 2 
and DOR 364 were selected o confirm the optimal basal media accounting for the effects 
of MES. 
Basal Media Comparisons and the Effects of MES on Explant Growth 
For VAX 2, explants were cultured on B5 media with 2 mg/L glufosinate after 
infection (I-B5+5BA or I-B5+5BA+0MES, Table 3) and co-cultivation with and without 
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MES (CC-B5+5BA or CC-B5+5BA+0MES, Table 4) prior to shoot induction (SI-
B5+5BA+0MES+2G, Table 5) and elongation without MES (SE-B5+0MES+2G, Table 
6). Explants were also cultured on MS media with 2 mg/L glufosinate after infection (I-
MS+5BA or I-MS+5BA+0MES, Table 3) and co-cultivation with and without MES (CC-
MS+5BA or CC-MS+5BA+0MES, Table 4) prior to SI (SI-MS+5BA+0MES+2G, Table 
5) and SE without MES (SE-MS+0MES+2G, Table 6). All shoots were removed only 
after co-cultivation prior to transfer to shoot induction (M12, Table 8). No resulted from 
any treatment leading to speculation that the glufosinate concentration was greater than 
optimal and the concentration was reduced to 1 mg/L similar to observations in tumor 
assay from the cotyledonary and leaf node, where 1 mg/L glufosinate lead to healthy 
explant growth but 5 and 10 mg/L lead to full necrosis in two weeks (Becker et al., 1994).  
For both VAX 2 and DOR 364, 5 mg/L BA was included in infection (I-MS+5BA 
and I-MS+5BA+0MES Table 3) and co-cultivation with and without MES (CC-MS+5BA 
and CC-MS+5BA+0MES Table 4). For shoot induction and elongation, 1 mg/L 
glufosinate was used without MES (SI-MS+5BA+0MES+1G, SE-MS+0MES+1G, 
Tables 5 and 6) and rooting media did not contain glufosinate (R-MS+0MES+0G, Table 
7). For experiments with B5 media, identical infection and co-cultivation were used but 
MS was replaced with B5 (I-B5+5BA or I-B5+5BA+0MES, Table 3, and CC-B5+5BA 
or CC-B5+5BA+0MES, Table 4). Both shoot induction and elongation media were 
identical to the tested MS media with the only difference being the use of B5 (SI-
B5+5BA+0MES+1G, Table 5, and SE-B5-0MES+1G, Table 6). VAX 2 was, 
additionally, compared with extra wounding to the cotyledonary node and with all shoots 
removed after co-cultivation (M15, Table 8) or with only removing the shoots after co-
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cultivation (M12, Table 8) for both MS and B5 media. No regeneration was observed 
when explants were cultured on B5 media regardless of the method of MES. However, 
for MS media when explants were wounded prior to infection and co-cultivated with 
MES, 4.76% regeneration was observed, whereas when explants were wounded and 
infected without MES, 6.67% regeneration was observed. Without extra wounding, after 
four weeks on shoot induction media, explants cultured on MS media showed more 
growth with and without MES present in the co-cultivation media compared to B5 media 
(Figure 16a) with minimal differences between explants cultured on MS with MES in CC 
media and MES absent from co-cultivation media. However, when MES was included in 
infection and co-cultivation media, 3.77% regeneration was observed averaged across 
four replications (individual replication regeneration of 2.86, 3.33, 4.0, and 4.88%). 
When MES was absent from all media the average regeneration across four replications 
was 3.93% (individually 0.00, 0.00, 7.14, and 8.57%). However, no GUS positive tissue 
was obtained in any treatment. VAX 2 additionally showed higher shoot development 
when media contained 1 mg/L glufosinate compared to 2 mg/L (Figure 4c). 
For DOR 364, identical media and methods were used as were for VAX 2 (1 
mg/L glufosinate) and healthier shoot growth resulted for explants culture on MS media 
compared to B5 after four weeks on shoot induction media (Figure 16b). No shoots 
developed/elongated for rooting when explants were cultured on B5 media, whereas 
elongation occurred on MS media. When shoots were removed and transferred to rooting 
media, leaf samples were assayed for GUS. For explants infected and co-cultivated with 
MES, four shoots developed for rooting that were assayed for GUS with no expression 
observed in any of the leaf samples, however, the regeneration was 3.03%. When MES 
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was absent from all media, 10 shoots developed that were assayed for GUS expression 
with nine of the shoots transferred to rooting. Of the 10 total shoots, six showed GUS 
activity with five showing activity in leaves (Figure 17). One shoot was not transferred to 
rooting, however, blue staining was observed across the entire shoot (Figure 17). 
Additionally, when infection and co-cultivation media contained MES, 3.03% 
regeneration was observed compared to 3.57% regeneration without MES. Although 
shoots were successfully rooted, all shoots died before transplanting to a greenhouse for 
further growth. Additionally, of the rooted shoots, none showed stable GUS expression. 
Uneven blue has been observed in leaf tissue after 16 weeks in indirect transformation of 
the embryonic axis (Mukeshimana et al., 2013), consistent with the results observed here 
in leaf tissue staining (Figure 17). Using B5 media led to higher regeneration from the 
embryonic axis compared to MS media with no regeneration occurring when MS media 
was used (Quintero-Jimenez et al., 20110), inconsistent with our results, explants showed 
poor growth when cultured on B5 media for both DOR 364 and VAX 2. In bombardment 
of the embryonic axis, a higher number of axes were viable after one week when MS 
media was used compared to B5 (Kim and Minamikawa, 1996; Kim and Minamikawa, 
1997), consistent with our results, explants showed healthier growth when cultured on 
MS compared with B5. Additionally, the healthy response of explants when cultured on 
MS media confirmed preliminary experimentation with Olathe (previously discussed) 
and is consistent with experiments successfully regeneration from the cotyledonary node 
using MS media (Franklin et al., 1991; Ahmed et al., 2002). 
The inclusion of MES has been shown to inhibit tumor formation when infected 
at the cotyledonary and leaf nodes (Becker et al., 1994), whereas higher transient GUS 
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expression was observed after five days of co-cultivation with MES (Figure 11 left panels 
and Figure 14 top two rows). It was also previously reported that the inclusion of MES 
led to no regeneration when used for indirect regeneration from the embryonic axis 
(Mukeshimana et al., 2013) inconsistent with the results in this work. However, healthier 
explants resulted when MES was absent from tissue culture media compared to media 
containing MES (Figure 12). As a result of the higher regeneration when MES was 
absent from all media for VAX 2 (3.93% compared to 3.77% with MES in infection and 
CC) and DOR 364 (3.57% compared to 3.03% with MES in infection and co-cultivation) 
and the observed GUS expression when MES was removed with DOR 364 (Figure 17), it 
was decided to remove MES from all media to compare the infection rates of EHA101 
and LBA4404. Additionally, 1 mg/L glufosinate was selected as a result of the higher 
growth observed for DOR 364 and VAX 2 compared to 2 mg/L (Figure 4b and 4c). For 
tissue culture, MES was removed from all media as a result of lower the shoot growth for 
DOR 364 when MES was in all media with 2 mg/L glufosinate (Figure 10 b, left panel) 
compared to when MES was only in CC media and shoot induction media contained 2 
mg/L glufosinate (Figure 10b, 2nd panel from the left) and when MES was removed from 
all media (Figure 10b, 3nd panel from the right). In addition, accounting for effects of 
MES, healthier shoot growth was observed for DOR 364 when MES was removed and 
explants were cultured on media with 1 mg/L glufosinate (Figure 10b, right panel) 
compared to 2 mg/L (Figure 10b, 2nd panel from the right). 
Comparison of A. tumefaciens EHA101 and LBA4404  
Tumor formation has been shown to vary between cultivars when infected with 
agropine, nopaline, and octopine strains of A. tumefaciens (McClean et al., 1991) and in 
157 
 
 
GUS expression of leaf, embryonic axis, and stem explants infected with nopaline, 
succinamopine, and octopine strains of A. tumefaciens (Mukeshimana et al., 2013). As a 
result of the reported variability between cultivars, EHA101 (nopaline) and LBA4404 
(octopine) were used to infect 20 cultivars for transient GUS analysis in addition to 
transferring explants throughout tissue culture. Leaves were visible after 24 hours of 
imbibement in water in dark and all visible leaves were removed prior to infection with 
all remaining visible shoots removed after co-cultivation (M14, Table 8). For all cultivars 
5 mg/L BA was included in infection (I-MS+5BA+0MES, Table 3), co-cultivation (CC-
MS+5BA+0MES, Table 4), and shoot induction media with 1 mg/L glufosinate (SI-
MS+5BA+0MES+1G, Table 5). Shoot elongation media (SE-MS+0MES+1G, Table 6) 
also contained 1 mg/L glufosinate however in place of 100 × 25 mm petri plates, plastic 
food service containers were used for elongation to allow shoots more room to grow 
upright (discussed further below), with rooting in magenta boxes replaced with plastic 
food service containers (discussed further below) on MS media lacking glufosinate (R-
MS+0MES+0G, Table 7). All cultivars (Table 1), with the exception of Olathe (not 
tested), were co-cultivated for five days and three explants were assayed for transient 
GUS expression after co-cultivation (Figure 18). Between cultivars, differences were 
identified between EHA101 and LBA4404 in the intensity and location of GUS 
expression, consistent with the results of tumor formation assays showing variation 
between 11 cultivars in tumor formation when infected with C58 (nopaline) (Lewis and 
Bliss, 1994), between 16 cultivars when infected with A281 (nopaline) (Karakaya and 
Özcan, 2001), and between cultivars in tumor formation using agropine, nopaline, and 
octopine strains of A. tumefaciens (McClean et al., 1991). For the majority of cultivars, 
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the location of staining was similar for EHA101 and LBA4404 with the exception of K-
42, IJR, Cran-09, and UCD 0405, all showed higher transient GUS expression in the 
hypocotyl when infected with EHA101 compared to LBA4404. More intense GUS 
expression was observed in the hypocotyl for Taylor Hort, IJR, TARS-HT2, and UCD 
0405 with EHA101 than LBA4404 while Blush, DOR 364, Etna, and H9659-27-7 
showed higher transient GUS expression in the hypocotyl with LBA4404 than with 
EHA101. Tumor formation after stab inoculation of the hypocotyl and epicotyl showed 
variation in susceptibility between 16 cultivars infected with A281 (nopaline) in addition 
to location within a cultivar (Karakaya and Özcan, 2001), consistent with the variation 
between and within a cultivar reported in this work in transient GUS expression. 
Cultivars Kardinal, Cran-09, and UCD 0801 showed minimal GUS expression while 
some GUS expression was observed for Etna, DOR 364, and Kamiakin while stronger 
expression was observed with USDK-4 and G-122 regardless of strain. Tumor formation 
with wounding at the hypocotyl, epicotyl, petiole, and leaf showed a range in 
susceptibility across cultivars. However, strain AT8196 (nopaline) and Ach5 (octopine) 
were best for all cultivars with the epicotyl showing high tumor formation while more 
variation was observed in the hypocotyl across cultivars (Brasileiro et al., 1996), 
consistent with the variation in GUS expression observed in the hypocotyl. Shoots, 
however, were removed when possible prior to infection in this research, so it is not 
possible to directly compare the rate of infection of the epicotyl across cultivars.  
Within a cultivar, a higher number of cultivars showed more intense GUS 
expression when infected with EHA101 (nopaline) compared to LBA4404 (octopine). 
These results are consistent with infection of leaf, embryonic axis, and stem explants 
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used to compare GV3101 (nopaline) to EHA105 (succinamopine) and LBA4404 
(octopine) with variation in GUS expression observed between strains but highest for 
GV3101 (nopaline) and lowest for LBA4404 (octopine) and with differences between 
explant types (Mukeshimana et al., 2013). Additionally, cultivars USDK-4 and G-122 
showed similar GUS expression regardless of infection with EHA101 (nopaline) or 
LBA4404 (octopine), consistent with equal susceptibility within a cultivar when infected 
with agropine, nopaline, and octopine strains of A. tumefaciens using both Andean and 
Mesoamerican cultivars (McClean et al., 1991). Variation was also observed between 
cultivars with USDK-4 and G-122 showing intense GUS expression regardless of strain 
whereas cultivars Cran-09, UCD 0801, VAX 2, and Kardinal showed minimal GUS 
expression regardless of the strain. The lack of transient GUS expression in cultivars 
showing minimal expression could be a result of incorrect duration of co-cultivation, 
variation between cultivars has been reported in duration needed for tumor formation 
from cotyledonary and leaf explants (Becker et al., 1994). For all cultivars, explants were 
transferred through tissue culture, less growth was observed for explants infected with 
LBA4404 than those infected with EHA101. Additionally, BAT 477 and DOR 364 were 
the only cultivars that developed shoots to be transferred to rooting media when infected 
with EHA101. For BAT 477, no stable GUS expression or regeneration was observed 
whereas 1.04% regeneration was observed for DOR 364. Additionally DOR 364 was the 
only cultivar with shoots developing when infected with LBA4404 although rooting was 
unsuccessful and stable GUS expression was not observed.  
For DOR 364, EHA101 and LBA4404 were both used to compare the effect of 
the duration of co-cultivation on transient GUS expression. Media was identical to that of 
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the other cultivars compared for infection by EHA101 and LBA4404 with the only 
difference being the days of co-cultivation used. In addition to five days (M14, Table 8), 
four (M11, Table 8) and six (M19, Table 8) days were used. Visual differences were 
observed in transient GUS expression depending on the days of co-cultivation (Figure 
19). The highest GUS expression for both EHA101 and LBA4404 was observed when 
explants were co-cultivated for four days while the lowest expression resulted from six 
days of co-cultivation. For explants infected with LBA4404, no regeneration was resulted 
regardless of the number of days explants were co-cultivated. However, for explants co-
cultivated for five days, nine shoots developed but rooting was unsuccessful (R-
MS+0MES+0G, Table 7) and no stable GUS expression resulted. LBA4404 has been 
used for successful transformation and indirect regeneration using leaves and stems 
(Nifantova et al., 2011), however, no regeneration occurred using a half seed explant. For 
EHA101, when explants were co-cultivated for four days, no regeneration resulted. For 
five days of co-cultivation, three shoots developed for rooting with one rooted for a 
regeneration of 1.04%  (discussed above in initial EHA101 and LBA4404 comparison) 
while six days of co-cultivation resulted in a regeneration of3.06% (three of five rooted 
successfully). However, no stable GUS expression was observed for any of the shoots 
analyzed. Although higher regeneration was observed with six days co-cultivation, five 
days was selected for continued use because of a higher number of explants transferred 
through tissue culture for DOR 364 (data not shown) with EHA101 possibly because of 
higher A. tumefaciens overgrowth when explants were co-cultivated for six days co-
cultivation (not shown). Minimal data has been reported on the optimal duration of co-
cultivation, however, six to eight days resulted in the highest GUS expression when used 
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in indirect regeneration and transformation of leaf explants (Mukeshima et al., 2013) and 
the highest infection rate in A. tumefaciens transformation of the cotyledonary node has 
been reported at six days (Zhang et al., 1997). In our research however, lower transient 
GUS expression was observed when explants were co-cultivated for six days for DOR 
364 (Figure 19).  
BAT 477 
As a result of the healthy tissue culture response of BAT 477 when infected with 
EHA101 (Figure 20), BAT 477 was used for further experimentation with EHA101. The 
objective was to compare the effects of imbibing seeds in water (M14, Table 8) with 1 
mg/L BA (M24, Table 8) and shoots were removed both before and after five days of co-
cultivation. Two replications of each treatment were used and explants were infected and 
co-cultivated on MS media with 5 mg/L BA without MES (I-MS+5BA+0MES, Table 3; 
CC-MS+5BA+0MES, Table 4), shoot induction with 5 mg/L BA and 1mg/L glufosinate 
(SI-MS+5BA+0MES+1G, Table 5), shoot elongation contained 1 mg/L glufosinate (SE-
MS+0MES+1G, Table 6) with plastic food service containers used for SE and rooting 
(discussed below). Rooting media did not contain glufosinate or MES and instead of pH 
5.6, pH 5.7 was used (R-MS+0MES+5.7+0G, Table 7). When explants were obtained 
from seeds imbibed with 1 mg/L BA, no shoots developed for rooting and no 
regeneration resulted across two replications. When explants were obtained from seeds 
imbibed in water, a total of four shoots developed for rooting across the two replications 
but no stable GUS expression resulted. However, one shoot was successfully rooted for a 
regeneration of 0.35% regeneration averaged across the two replications (0.00 and 0.73% 
individually). As a result of the low regeneration of BAT 477 and the lack of GUS 
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positive tissue, experiments were focused on DOR 364 because tissue obtained stably 
expressing GUS (Figure 17).  
DOR 364 
Experiments for DOR 364 were focused on increasing seed imbibement, 
comparing methods differing in shoot removal and tissue culture vessels, and various SE 
media. Additionally, the concentration of AS in co-cultivation media, antibiotics in tissue 
culture, and various rooting media were compared.  
Imbibement 
DOR 364 was used for a number of transformation experiments utilizing different 
methods, media, imbibement duration, and co-cultivation duration. Dormancy in DOR 
364 presented issues for transformation experiments, after 18 hours approximately 25 to 
30% seeds were imbibed and able to be dissected. When seeds were imbibed for 48 
hours, approximately 50% would imbibe. As a result, imbibement durations of 18, 24, 48, 
and 65 hours were compared, with differences identified in shoot elongation as a result of 
the duration of imbibement and method used (Table 14). For 18 hour seed imbibement, a 
total of 19 experiments were performed using M12, M13, M20, and M23 (Table 8), for 
24 hours 49 experiments were performed using M11, M14, M16, M17, M18, M19, M24, 
M25, and M26 (Table 8), for 48 hour imbibement 27 total experiments using M12, M13, 
M14, and M18 (Table 8), and for 65 hour imbibement only four experiments, all utilizing 
M13 (Table 8). Variation was observed between the methods in the percentage of 
experiments developing shoots ranging from 0 to 100% for 18, 24, 48, and 65 hours of 
seed imbibement. Regardless of media or methods used, 18 hours of imbibement resulted 
in shoot elongation occurring in a total of 52.63% of experiments, 69.39% for 24 hours, 
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59.26% for 40 to 48 hours, and 0% for 65 hours (Table 14, Figure 21). Limited direct 
comparison can be made between duration of imbibement and methods because different 
media was used, however, M13 was used for 18, 48, and 65 hour imbibement with SI 
media containing 5 and 10 mg/L BA (SI-MS+5BA+0MES+1G and SI-
MS+10BA+0MES+1G, Table 4) after identical co-cultivation and prior to identical SE 
media (SE-MS+0MES+1G, Table 5). Of the three experiments for 18 hour imbibement 
using M13, 5 mg/L BA was used for the two experiments with elongation whereas 10 
mg/L was used for the one of the experiment with no elongation. For 48 hour 
imbibement, a total of eight of the experiments for M13 were with 5 mg/L BA and three 
for 10 mg/L BA. Out of the eight total experiments with 5 mg/L BA, five showed 
elongation whereas three did not. Of the three experiments for 10 mg/L BA, one resulted 
in elongation while two did not (data not shown individually in Table 14). However, for 
65 hour imbibement, no elongation occurred in any experiments, two experiments were 
with 5 mg/L BA and two were with 10 mg/L BA. Specifically for 5 mg/L BA, 66.7% 
experiments showed elongation for 18 hours, 62.5% for 48 hours, and 0% for 65 hours 
suggesting a longer duration in water negatively affects explant growth. In tumor assay of 
the hypocotyl, higher susceptibility to A. tumefaciens was observed when seeds were 
germinated for one to three days compared to five to seven days (McClean et al., 1991), 
possibly explaining the minimal growth observed when 65 hour imbibement was used. 
Regardless of the media or methods, as a result of the minimal explant growth when 
seeds were imbibed for 65 hours and the total percent of experiments developing shoots 
of 52.63 to 69.39% when seeds were imbibed 18 to 48 hours (Table 14, Figure 21), 18 to 
48 hour imbibement was selected for further experimentation. Differences in shoot 
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elongation were also observed between methods regardless of media and hours of 
imbibement. Shoot elongation was observed, however, for most methods although some 
methods were only used for a minimal number of experiments (Table 14).  
Methods Comparison 
The majority of experiments with DOR 364 used M12, M13, and M14 (Table 8) 
and shoot elongation occurred in 61.54, 45.83, and 71.4% respectively, of experiments 
(Table 15). Minimal difference existed between the methods, M12 and M13 both 
involved five days co-cultivation with shoot removal after co-cultivation and only 
differed in culture of explants in petri dishes in M12 and plastic food service containers in 
M13. The difference of M14 from M13 was only in shoot removal both before and after 
co-cultivation. Figure 22 shows the appearance of explants at each stage of culture using 
M12, M13, and M14. After two weeks on shoot induction (left panels) explants showed 
similar appearance of growth, higher growth after four weeks on shoot induction for M12 
(second panel from the left, top row), and similar appearance after two and four weeks on 
shoot elongation (right two panels). The use of plastic food service containers in M13 and 
M14 was tested because of the fast shoot elongation observed after only two weeks on 
shoot elongation media (Figure 22, 3rd column from the left). When explants were 
cultured in petri dishes (M12) the apical region of the shoot would bend and die 
eventually hindering shoot survival and rooting. The use of plastic food service 
containers was intended to allow shoots to grow upright and not be hindered by the top of 
petri dishes (Figure 22, 3rd column from the left, bottom 2 panels). Shoots of explants 
cultured in plastic food service containers were not damaged at the tops and was selected 
for multiple experiments. Additional tested methods include M11, M16, M17, M18, 
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M19, M20, M23, M24, M25, and M26 with the total number of experiments ranging 
from two to eight and shoot elongation occurring in 0 to 100% of the experiments 
regardless of the media used for each method (Table 15). However, not all methods were 
used on identical media  
Previously described experiments (B5 and MS comparisons) resulting in the 
obtainment of stable GUS positive tissue when explants were cultured on MS media 
(Figure 17, Table 16 R1) were replicated six additional times (R2-R7, Table 16). For the 
six additional replications, identical method (M12 Table 8), identical infection (I-
MS+5BA+0MES, Table 3), co-cultivation (CC-MS+5BA+0MES, Table 4), and shoot 
induction (SI-MS+5BA+0MES+1G, Table 5) were used all containing 5 mg/L BA 
without MES. For shoot elongation, media contained 1 mg/L glufosinate (SE-
MS+0MES+1G, Table 6) with rooting in absence of glufosinate (R-MS+0MES+0G, 
Table 7). Seed imbibement was for 18 (R1-R5, Table 16) or 40 hours (R6 and R7, Table 
16). For the additional six replications, the shoots developing and elongating for rooting 
varied from 9 to 35 with a total of 142 total across the seven replications averaging 20.29 
per replication (six new replications and the previously described experiment (R1), Table 
16). The number of shoots that rooted varied (1 to 12) with a total of 41 successfully 
rooted and an average of 5.86 rooted shoots with regeneration ranging from 2.08 to 
17.14%. All but one of the six replications resulted in over 5.66% regeneration, higher 
than the 3.57% observed in the prior experiment (included in Table 16 R1). Across all 
seven replications, the total regeneration frequency is calculated based on the total 
number of shoots that rooted and the number of explants that were transferred the first 
shoot induction and was 8.49% and when averaged across all replications was 8.06%. 
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The total number of GUS positive tissue was 13 averaging 1.86 per replication and the 
total percentage of tissue that was GUS positive was 2.69% averaging 2.48% (Table 16). 
Additionally, for explants obtained from seeds imbibed for 18 hours, an average 7.17% 
regeneration (R1-R5) resulted compared to 10.28% when seeds were imbibed for 40 
hours (R6-R7) supporting earlier observations of the optimal duration of imbibement 
leading to healthy explant growth. However, a greater average percentage of tissue 
expressing GUS resulted (2.79%) when 18 hour imbibement was used compared to when 
40 hour imbibement was used (1.71%). Table 17 shows individual replications resulting 
in stable GUS expression including all tissue culture data and initial bacterial OD. The 
OD leading to stable GUS expression via M12 ranged from 0.538 to 1.214. Additionally, 
scarifying seeds prior to seed imbibement with otherwise identical culture conditions to 
M12 after 18 hours of seed imbibement (M20, Table 8), was used for two replications 
with 11 total shoots developing for rooting and an average regeneration of 3.34% 
(individually 0.00 and 6.67%). One GUS positive tissue was obtained for an average of 
1.67% (individually 0.00 and 3.33%). Table 17 summarizes the individual replication 
with GUS positive tissue obtained with the bacterial OD 0.797.  
Identical culture conditions and media as described for additional replications 
with M12 were used for M13 with replications R1 to R6 in Table 18 previously discussed 
(in BA confirmation for DOR 364 with and without MES) and are included for 
comparison to the six additional replications completed (R7 to R12). Seed imbibement 
ranged with 18 hours used for R1 and R7, 65 hours for R5 and R6, while 40 to 48 hours 
was used for R2 to R4 and R8 to R12. Of the 12 replications, GUS positive tissue was 
only produced in one experiment (described previously, here R4) after 44 hours of 
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imbibement with two sampled shoots showing expression and a GUS percentage of 
4.17% (Table 18). Additionally, the only regeneration observed was in a previously 
discussed experiment (R2). Across 12 replications, a total of 21 shoots developed for 
rooting averaging of 1.75 across replications. The total number rooted for all replications 
was 2 and 0.17 averaged across replications with two total tissue samples showing stable 
GUS expression (average of 0.17 across replications). The total percent of tissue that was 
GUS positive was 0.27% and 0.35% averaged across replications while the regeneration 
frequency was 0.27% and 0.18% averaged across replications (Table 18). Table 17 
provides tissue culture and bacterial OD for the individual replication in which GUS 
positive tissue was obtained and a starting OD of 0.943. 
A larger number of experiments were performed with M14 using identical media 
as was described for M12 and M13. The difference from M12 was the use of plastic food 
service containers for shoot elongation and M14 was different from both M12 and M13 
with shoot removal both before and after co-cultivation. Additional rooting media 
formulations were compared in addition to media containing 1 mg/L IBA ( R-
MS+0MES+0G, Table 7) with pH 5.7 (R-MS+0MES+5.7+0G, Table 7), removal of IBA 
(R-MS+0MES+0IBA+0G, Table 7) with 10% sucrose (R-MS+0MES+1%S+0IBA+0G, 
Table 7), and 2 mg/L IBA (R-MS+0MES+2IBA+0G, Table 7). For this method, a total of 
13 replications were completed with 24 hour seed imbibement used for R1-R10 while 45-
48 hour was used for R11-R13 with only six reps developing shoots for transfer to 
rooting. A total of 28 shoots elongated, averaging 2.15 shoots per replication. 
Additionally, the total number of shoots that were successfully rooted was two for an 
average number of rooted shoots across replications of 0.15 and an average regeneration 
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of 0.15%. Only one GUS positive tissue was obtained across all replications for an 
average of 0.08 with the average percentage of GUS positive tissue 0.10% (Table 19). 
Table 17 summarizes the results of M12, M13, M14, and M20 transformation 
experiments with only those methods resulting in stable GUS expression shown (nine 
total experiments, six utilizing M12 and one each for M13, M14, and M20). Differences 
in the total number of GUS positive tissue when M12 was used (with the only difference 
the use of petri dishes) compared to M13 could result from the fact that only 21 shoots 
developed for rooting (Table 18, R1-R12) when M13 was used compared to 142 (Table 
16, R1-R7) that developed with M12. For the 12 replications with M13, 4.17% GUS 
positive tissue was obtained in one experiment, (Tables 17 and 18) whereas for M12, 
1.19 to 7.14% occurred in six of the seven replications (Tables 16 and 17). The difference 
between M12 and M20, was that seeds were scarified prior to imbibement in an attempt 
to increase seed imbibement resulting in one replication with 3.33% GUS positive tissue 
(Table 17). The scarification likely had no effect of the growth of explants with the 
method that is otherwise identical to M12 (Table 8). The additional removal of leaves 
prior to infection, in addition to after co-cultivation, (M14, Table 8) likely negatively 
affected the seeds because 13 total replications were completed and but only two shoots 
developed for rooting across all replications (Table 19) and only one replication lead to 
1.28% GUS positive tissue (Table 17, Table 19 R1). However, the results could be 
because of the use of plastic food service containers as a result of the lower shoot 
formation (21) observed with identical methods other than the use of plastic food service 
containers in M13 compared to M12 (142). 
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Identical media was used for a number of additional methods including M16 
(Table 8) which was identical to M14 (Table 8) with the addition of extra wounding prior 
to infection for one attempt. However, additional wounding yielded no GUS positive 
tissue or regeneration, although three shoots developed, rooting was unsuccessful on MS 
without MES and 1 mg/L (one shoot) or 0 mg/L IBA (two shoots) (R-MS+0MES+0G 
and R-MS+0MES+0IBA+0G). Only two total weeks allowed on SI media were used in 
M17 (otherwise identical to M14, Table 8), resulting in no GUS positive tissue or 
regeneration across two replications. However, a total of six shoots elongated but rooting 
was unsuccessful on MS without MES and 1 mg/L IBA (R-MS+0MES+0G, Table 7). 
Shoots were removed after two weeks on shoot induction prior to transfer to fresh 
induction media were used for M18 (otherwise identical to M14) for five replications 
completed. A total of 16 shoots developed for rooting on MS media without MES and 1 
mg/L (one shoot), 2 mg/L (one shoot), or 0 mg/L IBA (nine shoots) with 10% sucrose 
(five shoots) (R-MS+0MES+0G, R-MS+0MES+0IBA+0G, R-MS+0MES+2IBA+0G, or 
R-MS+0MES+1%S+0IBA+0G, Table 7). However, no successful regeneration resulted 
or GUS positive tissue was obtained. Imbibing seeds in 1 mg/L BA with water was used 
for M24 (Table 8) and 0.01% bleach (in attempts to reduce A. tumefaciens overgrowth) in 
M25 (Table 8) with additional wounding to the cotyledonary node in M26 (Table 8) with 
all methods otherwise identical to M14. For the two replications using M24 (Table 8), 
two shoots developed for rooting although no regeneration resulted and no successful 
rooting (R-MS+0MES+5.7+0G, Table 7) or no stable GUS expression was observed. No 
shoots elongated for one replication using M25 and no GUS positive tissue was obtained. 
Eight shoots developed for M26 for one replication but rooting was unsuccessful on MS 
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without MES and without IBA (four shoots) (R-MS+0MES+0IBA+0G, Table 7) or 1 
mg/L IBA resulted (four shoots) (R-MS+0MES+0G, Table 7). Table 20 and Figure 23 
summarize the average regeneration and GUS positive tissue observed for all methods 
tested for transformation with DOR 364 using identical media for culture (I-
MS+5BA+0MES, Table 3), co-cultivation (CC-MS+5BA+0MES, Table 4), and shoot 
induction (SI-MS+5BA+0MES+1G, Table 5) all containing 5 mg/L BA without MES 
and shoot elongation with 1 mg/L glufosinate (SE-MS+0MES+1G, Table 6). Direct 
comparisons of methods and tissue culture vessels are not available with this research. 
However, this research provides valuable information of culture of common bean using 
half seed explants suggesting plastic food service containers (or other similar culture 
vessels) may allow healthier shoot growth but result in a lower number of shoots 
elongating. 
Effects of Acetosyringone 
Further experimentation was conducted using identical shoot induction and 
elongation media (SI-MS+5BA+0MES+1G and SE-MS+0MES+1G, Table 5 and 6) with 
differences in the infection and co-cultivation media. Varying concentrations of AS were 
tested including 20 mg/L (I-MS+5BA+0MES+20AS, CC-MS+5BA+0MES+20AS, 
Tables 3 and 4), 80 mg/L (I-MS+5BA+0MES+80AS, CC-MS+5BA+0MES+80AS, 
Tables 3 and 4), and 120 mg/L (I-MS+5BA+0MES+120AS, CC-
MS+5BA+0MES+120AS, Tables 3 and 4) to compare explant growth to the 
concentration (40 mg/L) used in all other experiments. Two replications of each 
treatment were conducted. Rooting was unsuccessful on MS without MES and 1 mg/L 
IBA (R-MS+0MES+0G, Table 7) and no regeneration resulted from any treatment. 
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However, for 20 mg/L AS two shoots developed, one for 40 mg/L, three for 80 mg/L and 
no shoots developed when co-cultivation media contained 120 mg/L AS. As a result of 
shoot formation occurring if 20, 40, or 80 mg/L AS was present in infection and co-
cultivation media and no shoots developing for rooting if 120 mg/L AS was included, it 
seems 120 mg/L AS has a negative effect on later explant growth. Direct comparisons of 
concentrations of AS to be used in literature are not available.  
Antibiotics 
Because of the observed A. tumefaciens overgrowth in tissue culture (Figure 6 and 
15), an increased concentration of antibiotics were compared. Timentin (300 mg/L) has 
been used for tissue culture of hypocotyls after infection with A. tumefaciens (Espinosa-
Huerta, 2013) while cefotaxime (500 mg/L) has been used for culture of embryonic axes 
after bombardment and infection (Brasileiro et al., 1996). For experiments with increased 
concentrations of timentin and cefotaxime, all infections (I-MS+5BA+0MES, Table 3) 
and co-cultivation contained 5 mg/L BA without MES (CC-MS+5BA+0MES, Table 4). 
A total of nine experiments were attempted with 300 mg/L timentin in shoot induction 
media (used for M11, M14, M16, M19, M25, and M26, Table 8) (SI-
MS+5BA+0MES+300Time+1G, Table 5) with an additional experiment using 50 mg/L 
Timentin (SI-MS+5BA+0MES+1G, Table 5) in shoot induction media (used for M17, 
Table 8). All experiments (10) used 300 mg/L timentin in shoot elongation media (SE-
MS+0MES+300Time+1G, Table 6) and plastic food service containers for shoot 
elongation and rooting media. Four experiments used five days co-cultivation with 
removal of all leaves before and after co-cultivation (M14, Table 8) resulting in 24 total 
shoots developing for rooting. One shoot did not develop roots when IBA was absent (R-
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MS+0MES+0IBA+0G, Table 7), three shoots (out of 12) developed roots with 1 mg/L 
IBA (R-MS+0MES+0G, Table 7), and one shoot (out of 11 with) developed roots with 2 
mg/L IBA (R-MS+0MES+2IBA+0G, Table 7). The average regeneration (regardless of 
rooting media) was 1.13% (individual experiment regeneration 0.00, 1.28, 1.39, and 
1.85%) compared to previously discussed experiments with M14 with an average 
regeneration of 0.15% (Table 19). The only difference in methods and media was an 
alteration of the concentration of timentin used previously (50 mg/L). Additional co-
cultivation of four days was used for one experiment (M11, Table 8) with regeneration 
successful with 1 mg/L IBA at a frequency of 4.94% compared to identical conditions 
with the difference in the amount of timentin that showed a regeneration of 0.00% 
(discussed previously in EHA101 and LBA4404 comparison). Additionally, six days co-
cultivation (M19, Table 8) resulted in 0.00% regeneration rate when compared to 
identical conditions (with a lower concentration of timentin) leading to regeneration of 
3.06%. Additional wounding was used prior to infection with five days co-cultivation 
after imbibing seeds in water (M16, Table 8) with 0.01% bleach (M26, Table 8) without 
additional wounding (M25, Table 8). Additional wounding prior to co-cultivation 
resulted in only one shoot elongating for rooting with a 0.00% regeneration rate. 
Additional wounding after imbibing seeds in water with 0.01% bleach (M26) resulted in 
a 1.23% regeneration rate with four shoots developing for rooting on MS with 1 mg/L 
IBA (R-MS+0MES+0G). Imbibement in water with bleach without extra wounding 
(M25) led to four shoots developing but no successful rooting on media with 1 mg/L IBA 
(R-MS+0MES+0G) (two shoots) and without IBA (R-MS+0MES+0IBA+0G) (two 
shoots). Additionally, with leaf removal before and after co-cultivation (identical to other 
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compared methods) and only one passage of shoot induction media (M17, Table 8), only 
one shoot developed and rooting was unsuccessful on MS without MES or IBA and 10% 
sucrose (R-MS+0MES+1%S+0IBA+0G, Table 7).  
Cefotaxime was increased because of reported success in whole bean embryo 
transformation via A. tumefaciens at a concentration of 250 mg/L (Amugune et al., 2011) 
and in bombardment and infection via A. tumefaciens of the embryonic axis at a 
concentration of 500 mg/L (Brasileiro et al., 1996). A higher concentration of Cefotaxime 
was used in both shoot induction and elongation  media (SI-
MS+5BA+0MES+500Cefo+1G, Table 5 and SE-MS+0MES+500Cefo+1G, Table 6) for 
two experiments using M14 (Table 8) with five day co-cultivation and leaf and shoot 
removal before and after co-cultivation and rooting attempted with both 1 mg/L (two 
shoots) and 2 mg/L IBA (seven shoots) (R-MS+0MES+0G and R-MS+0MES+2IBA+0G, 
Table 7). Of the nine total shoots, none developed roots and no GUS positive tissue 
obtained. For all experiments with 300 mg/L timentin and 500 mg/L cefotaxime, lower A. 
tumefaciens overgrowth was observed, however, no stable GUS expression resulted, 
although nine total shoots developed for rooting with cefotaxime and 42 with timentin. 
However, the lack of GUS positive tissue is likely due to the methods used (M11, M14, 
M16, M17, M19, M25, and M26, Table 8). When compared on identical media, only 
M14 resulted in GUS positive tissue (Table 20, Figure 24). The majority of experiments 
resulting in GUS positive tissue (Table 17) used M12 (Table 8) and M12 was not used for 
any experiments with increased timentin or cefotaxime. Greater shoot formation resulted 
when timentin was used at 300 mg/L compared to cefotaxime used at a concentration of 
500 mg/L, resulting in the possibility that M12 with increased timentin may lead to 
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healthy shoot growth. Cefotaxime allowed minimal shoot growth (nine shoots) and no 
successful stable GUS expression was observed, inconsistent with previously reported 
stable GUS expression when whole bean embryos were infected with A. tumefaciens and 
cultured on media containing 250 mg/L cefotaxime (Amugune et al., 2011) and in 
bombardment and infection via A. tumefaciens of the embryonic axis at a concentration 
of 500 mg/L (Brasileiro et al., 1996). The use of timentin (300 mg/L) after infection of 
hypocotyls led to successful transformation (Espinosa-Huerta et al., 2013), whereas, it 
did result in stable transformation using half seed explants, however different A. 
tumefaciens strains, explants, and methods were used. Moreover, 300 mg/L timentin has 
been used in infection and transformation of the cotyledonary node with no successfully 
transformed plants recovered (Mohamed et al., 2006), consistent with the results 
observed in this study.  
Shoot Elongation Media 
DOR 364 shoots reached two to three inches in height after four weeks on shoot 
induction media and two to four weeks on shoot elongation media when explants were 
cultured in both petri dishes and in sundae cups (Figure 22 and control panels in Figure 
24 and 25) resulting in plant death and inability to regenerate plants. Shoot death was a 
result of shoots elongating quickly and showing a thin and spindly morphology, the 
apical region of shoots would ultimately bend and result in full shoot death before 
successful rooting and transfer to soil. Various elongation media were compared in an 
attempt to reduce shoot elongation and successfully obtain a rooted GUS expressing 
plant. For comparisons of media, five day co-cultivation was used and leaves were 
removed before and after co-cultivation after imbibement in 1 mg/L BA (M24, Table 8) 
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or water (M14, Table 8) only allowing one passage on shoot induction media (M17, 
Table 8). Infection, co-cultivation, and shoot induction used for all shoot elongation 
comparisons were identical (I-MS+0MES+5BA, CC-MS+0MES+5BA, and SI-
MS+5BA+0MES+1G, Tables 3 to 5) with differences in elongation media containing no 
growth hormones (SE-MS+0MES+NH+1G, Table 6), 0.5 mg/L BA (SE-
MS+0.5BA+0MES+1G, Table 6), or 0.5 mg/L GA3 (SE-MS+0.5GA+0MES+1G, Table 
6) compared to the control shoot elongation media (SE-MS+0MES+1G, Table 6). When 
growth hormones were removed from elongation media after two weeks (with four weeks 
on induction media) (Figure 24, second panel from the left) minimal shoot growth 
resulted for one experiment using M14 with leaves removed before and after co-
cultivation and M17 with only two week on induction media used. When M17 was used, 
no shoots elongated for rooting whereas for M14, only two shoots elongated and rooting 
was unsuccessful on media with 1 mg/L IBA (R-MS+0MES+0G, Table 7) and without 
IBA with 10% sucrose (R-MS+0MES+10%S+0IBA+0G, Table 7). Media without 
growth hormones resulted in elongation for regeneration (Quintero-Jiménez et al., 2010) 
and bombardment of the embryonic axis (Aragão et al., 1996), inconsistent with the 
results reported here. In transformation of the cotyledonary node, when hormones were 
removed from elongation media, explants were observed to stay green but no elongation 
was observed (Mohamed et al., 2006), consistent with the results reported herein. 
Comparison of M14 and M17 on shoot elongation media containing 0.5 mg/L GA3 led to 
four shoots elongating with M14, (Figure 24, 2nd panel from the right), and no successful 
regeneration on media lacking IBA (three shoots) (R-MS+0MES+0IBA+0G, Table 7) nor 
with 10% sucrose (one shoot) (R-MS+0MES+10%S+0IBA+0G, Table 7). While nine 
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shoots developed with M17, only one successfully rooted on IBA containing media (R-
MS+0MES+0G) for a regeneration of 1.27%. For SE media containing 0.5 mg/L BA, 
(Figure 24, right panel), M14 resulted in minimal shoot growth and only one shoot 
developed. The one elongated shoot was successfully rooted on media with 10% sucrose 
lacking IBA (R-MS+0MES+10%S+0IBA+0G) resulting in 1.10% regeneration. No 
shoots elongated from explants utilizing M17. After bombardment of embryonic axis, 
cultivar Olathe was cultured for two weeks on MS media with 10 mg/L BA before 
transfer to MS media with no hormones for elongation (Aragão et al., 1996), inconsistent 
with the results reported here, less growth was observed when only two weeks on shoot 
induction were used compared with four weeks.  
As a result of the minimal shoot elongation when growth hormones were removed 
from the media or when the media contained 0.5 mg/L BA additional media were 
compared. Media containing only GA3 showed similar shoot growth to that of the control 
media (SE-MS+0MES+0G, Table 6) which in addition to other components, also 
contained 0.5 mg/L GA3 (Figure 24, left panel and 2
nd panel from the right) suggesting 
the thin, spindly, and fast shoot growth may be due to the presence of GA3. Minimal 
growth was observed when GA3 was removed from the media consistent with earlier 
work showing the importance of GA3 in elongation from the cotyledon containing half of 
the embryonic axis (Dang and Wei, 2009). Additional media comparisons were made 
increasing the concentrations of BA to 1 mg/L (SE-MS+1BA+0MES+0G, Table 6), with 
the addition of IAA (SE-MS+1BA+0.01IAA+0MES+0G, Table 6), or a lower 
concentration of GA3 (SE-MS+1BA+0.01GA3+0MES+0G, Table 6) with all rooting 
attempted on MS media at pH of 5.7 with 1 mg/L IBA (R-MS+0MES+5.7+0G, Table 7). 
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For control media with M14 (water imbibement) compared to M24 (imbibement with 
water and 1 mg/L BA) (Figure 25 left panels) no regeneration resulted, although one 
shoot elongated for rooting with M14 and two shoots elongated for rooting with M24 
across two replications of each. Additionally, similar shoot growth was observed 
regardless of the methods of imbibement. For experimentation with 1 mg/L BA and 0.01 
mg/L GA3, two replications were used for M14 and two replications for M24, again after 
two weeks on shoot elongation media, similar shoot growth was observed regardless of 
the method used for imbibement (Figure 25 panels 2nd from the left), with an average 
regeneration of 0.68% for M14 and 1.47% for M24. For shoot elongation media with 1 
mg/L BA and 0.01 mg/L IAA, two replications were completed for M14 and two for 
M24 with an average regeneration of 1.34% for M14 and an average regeneration of 
1.73% for M24. For media with 1 mg/L BA, a regeneration of 1.93% was observed 
averaged across two replications for M14 and 3.0% averaged across two replications for 
M24. For comparison of M14 and M24, for all compared media, slightly higher 
regeneration was observed for each media when 1 mg/L BA was included in the water for 
seed imbibement (Figure 26). Additionally, regardless of media, 0.98% regeneration was 
observed for explants derived from seeds imbibed in water compared to 1.55% when 
imbibement was with water and BA. Pre-culture of seeds with BA in germination media 
prior to explant preparation from the cotyledonary node has been shown to increase bud 
production (Dang and Wei, 2009). The inclusion of BA in seed imbibement may lead to 
higher shoot formation as previous research has shown pre-culture of seeds with BA prior 
to explant preparation from the lamina resulted in increased regeneration (Malik and 
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Saxena, 1991) and from leaf petioles has led to increased shoot regeneration (Malik and 
Saxena, 1991; Malik and Saxena, 1992) consistent with the results here. 
Rooting Media 
Table 21 summarizes the results of various rooting media regardless of explant 
culture media and methods used. When IBA was absent from the media (R-MS-
0MES+0IBA+0G, Table 7), of the 28 shoots transferred to rooting, 0% were successfully 
rooted with the exception of one shoot rooting without IBA when sucrose concentration 
was decreased to 10% (R-MS-0MES+10%+0IBA+0G, Table 7). When 2 mg/L IBA was 
used in rooting media (R-MS-0MES+2IBA+0G, Table 7), 7.69% of the 26 shoots were 
successfully rooted, whereas when 1 mg/L IBA (R-MS+0MES+0G, Table 7) was used 
23.81% of the 262 attempted were successful. However, when identical media was used 
with the only difference being an adjusted pH of 5.7 (R-MS+0MES+5.7+0G, Table 7) 
compared to 5.6, 41.18% of the 34 attempted shoots were successfully rooted suggesting 
a preference for pH 5.7 for rooting compared to pH 5.6. Rooting has been reported 
unsuccessful when IBA was absent from the rooting media (Dang and Wei, 2009) 
consistent with the results observed here, 0% were successfully rooted when IBA was 
absent and only 10% when IBA was absent and 10% sucrose was used, however only 10 
shoots were attempted for rooting. Additionally, greater rooting was observed with 1 
mg/L IBA (23.81%) compared to 2 mg/L (7.69%) suggesting 2 mg/L is past the optimal 
concentration, consistent with negative effects on rooting of IBA when it was included 
past optimal concentrations (Thao et al., 2013). After bombardment of the embryonic 
axis, rooting was successful on MS media lacking hormones (Aragão et al., 1996) 
inconsistent with the results obtained here, rooting occurred at a higher rate when media 
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contained IBA. Rooting of shoots was successful on media containing growth hormones 
in regeneration from primary and cotyledonary nodes (Mohamed et al., 1992) and in the 
cotyledonary node and intact seedlings (Ahmed et al., 2002) similar to the results 
observed here.  
Summary and Future Directions 
A total of nine experiments yielded GUS positive tissue (Table 17) and for all of 
these experiments identical media was used, MS without MES and 5 mg/L BA for 
infection (I-MS+5BA+0MES, Table 3), CC (CC-MS+5BA+0MES, Table 4), and SI 
media (SI-MS+5BA+0MES+0G, Table 5). Both SI and SE media contained 1 mg/L 
glufosinate (SE-MS+0MES+0G, Table 6), and any successful rooting occurring with 1 
mg/L IBA lacking glufosinate (R-MS+0MES+0G, Table 7). These results suggest the 
optimal media for DOR 364 does not contain MES and explants should be cultured on 5 
mg/L BA for four weeks using a low concentration of glufosinate. Successful recovery of 
a GUS expressing plantlet could perhaps have been increased by adjusting the pH of 
rooting media to 5.7 which led to higher percentage of successful rooting (Table 21).  
The methods used leading to GUS positive tissue were M12, M13, M14, and M20 
(Table 8) with the percentage of GUS positive tissue ranging from 1.19% to 7.14% 
(Table 17). For M12, seven replications were performed using identical media with GUS 
positive tissue obtained in six of the experiments for an average of 2.48% GUS positive 
tissue across all replications (Table 16). Whereas, for M13, 12 replications were 
completed and only one resulted in GUS positive tissue for an average of 0.35% across 
replications (Table 18). Similar results were with M14, one experiment resulted in GUS 
positive tissue across 13 replications for an average of 0.10% (Table 19). When M20 was 
180 
 
 
used, two replications were performed with one resulting in GUS positive tissue for an 
average GUS percentage of 1.67% (Table 20). Additional methods used not resulting in 
GUS positive tissue include M11, M16, M17, M18, M19, M24, M25, and M26 (Table 8 
and 20). For the methods resulting in stable GUS positive tissue, all included imbibement 
in water on a rotary shaker in dark, infection on a rotary shaker for 30 minutes, trimming 
the embryonic axis after seed dissection, five days of co-cultivation in light on MS media 
without MES with 5 mg/L BA (CC-MS+5BA+0MES, Table 4), shoot removal after co-
cultivation before transfer to shoot induction, four weeks total on MS shoot induction 
media without MES with 5 mg/L BA and 1 mg/L glufosinate (SI-MS+5BA+0MES+1G, 
Table 5), and MS shoot elongation media without MES and with 1 mg/L glufosinate (SE-
MS+0MES+1G). For explants cultured in 100 × 25 mm petri dishes for SE media in M12 
with the only difference for M20 being in the scarification of seeds prior to seed 
imbibement and higher average percentage of GUS positive tissue resulted for M12 at 
2.48% (Tables 16 and 20) compared to M20 at 1.67% (Table 20). For M13 which was 
identical to M12 other than the use of plastic food service containers, the average GUS 
positive tissue was 0.35% (Tables 18 and 20), suggesting the culture of explants in petri 
dishes increases the obtainment of GUS positive tissue possibly increasing shoot growth. 
For M14, explants had all visible leaves removed both before and after CC leading to an 
average percentage of explants GUS positive of 0.10% (Tables 19 and 20) with M14 
otherwise identical to M13, suggesting the leaf removal prior to co-cultivation leads to 
later negative effects on explant growth possibly resulting from damage to the 
cotyledonary node. Additionally, an average of 20.29 shoots developed using M12 (Table 
16) and 5.5 for M20, compared to only 1.75 for M13 (Table 18) and 2.15 for M14 (Table 
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19). The greater average percentage of GUS positive tissue observed for M12 and M20 is 
likely a result of the higher average number of shoots developing. Combined, culturing 
explants in petri dishes for shoot elongation likely results in higher shoot elongation 
ultimately leading to higher percentage of tissue expressing GUS. For the additional 
methods tested on identical media (M11, M16, M17, M18, M19, M24, M25, and M26, 
Table 20), all involved leaf and shoot removal both before and after CC and SE culture in 
plastic food service containers (in addition to other differences), further suggesting either 
one or both factors negatively affects explants. However, as a result of the greater shoot 
growth observed with M12 compared to M13, it appears as culturing of explants in 
plastic food service containers more strongly negatively affects explant growth than leaf 
removal before infection. No direct comparisons were made regarding shoot removal 
before and after CC (as in M14) with culturing in petri plates. Additional work would 
need to be performed to determine if shoot removal before and after CC would increase 
or decrease infection and later growth. The removal of leaves before infection with all 
explant culture in petri dishes could lead to a higher infection as it has been shown in 
bombardment of the embryonic axis, the apical meristem was shown to need to be full 
exposed to result in successful transformation (Aragão and Rech, 1997). Additionally, it 
was shown that wounding was needed for infection of whole bean embryos (Amugune et 
al., 2011) whereas in this work, with DOR 364, additional wounding did not result in 
GUS positive tissue (M16 and M20, Table 20). However, plastic food service containers 
were used for SE media so additional work would need to be performed with culture in 
petri plates to determine if wounding would increase infection and result in higher 
obtainment of GUS positive tissue.  
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Using half seed explants, MS media was optimal and led to healthier growth than 
B5 media both with and without MES included in the CC media (Figure 16), consistent 
with the observation of healthier growth after bombardment of the embryonic axis on MS 
media compared to B5 media (Kim and Minamikawa, 1996; Kim and Minamikawa, 
1997), but inconsistent with the observed higher regeneration from the embryonic axis 
when B5 media was used compared to MS (Quintero-Jimenez et al., 20110). In infection 
of the cotyledonary and leaf nodes, the presence of MES resulted in 10 to 30% of 
explants developing tumors whereas the absence of MES resulted in 60 to 90% of 
explants developing tumors (Becker et al., 1994). Although tumor formation was not 
monitored here, Becker et al. (1994) is inconsistent with observations here, the presence 
of MES appears to increase transient GUS expression (Figure 11 left panels and Figure 
14 top two rows). However, when MES was included in tissue culture media for indirect 
regeneration from the embryonic axis, regeneration did not occur (Mukeshimana et al., 
2013), similar to the results in this work, healthier explant growth was observed when 
MES was absent from all media (Figure 12). Additionally, GUS positive tissue was only 
obtained when MES was absent from all media. However, direct comparisons of CC 
media with and without MES were only performed one time for DOR 364 with media 
containing 1 mg/L glufosinate but a higher number of shoots developed for rooting and 
GUS positive tissue obtained when MES was absent (Table 16, R1). Additional work 
would need to be performed to further determine if MES is beneficial in CC media with 
greater transient GUS expression (Figure 14).  
Regarding inclusion of glufosinate in tissue culture media, 1 mg/L was shown to 
be optimal for DOR 364 and VAX 2 (Figure 4b and c) similar to results in infection and 
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assaying for tumor formation of the cotyledonary and leaf node, 1 mg/L glufosinate lead 
to healthy explant growth whereas 5 and 10 mg/L resulted in necrosis in two weeks 
(Becker et al., 1994).  However for Olathe, 4 mg/L glufosinate was used in tissue culture 
after bombardment of apical meristem on cultivars (Kwapata et al., 2012) and lad to 
necrosis of explants using half seed explants in this work (Figure 4a). In transformation 
via A. tumefaciens it has been suggest to lower selection to three to four weeks to 
increase recovery (Amugune et al., 2011) which could lead to higher to regeneration of 
DOR 364, however, further experimentation would need to be performed. Although 
Olathe has been used successfully for transformation via bombardment (Aragão et al., 
1996; Aragão et al., 1998; Aragão et al., 2002; Aragão et al., 2004; Faria et al., 2006; 
Bonfim et al., 2007) no transformation was observed utilizing half seed explants infected 
with A. tumefaciens. It is additionally possible that increasing the concentration of 
glufosinate above 1 mg/L but less than 2 mg/L would result in shoot elongation.  
Imbibing seeds in water with BA (1 mg/L) provided a slightly greater 
regeneration rate when compared with imbibing seeds in water alone (Figure 26), similar 
to research reporting an increase in shoot regeneration using leaf petioles when BA was 
used to preculture seeds (Malik and Saxena, 1991; Malik and Saxena, 1992; Veltchena 
and Svetleva, 2005). When using the cotyledonary node with additional wounding, BA in 
germination media increased infection rates (Zhang et al., 1997), although infection rates 
were not examined, BA does provide higher regeneration. Increased bud production 
resulted in regeneration from the cotyledonary node when BA was included in 
germination media when compared to media without BA (Dang and Wei, 2009). 
Similarly, regardless of shoot elongation media used, 0.98% regeneration resulted for 
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shoots obtained from explants imbibed in water compared to 1.55% for shoots obtained 
from explants cultured with the addition of BA (Figure 26). Future experiments need to 
be completed to determine if BA provides an advantage in later regeneration comparing 
imbibement with BA and water on identical media both when cut before or after co-
cultivation with shoot elongation in petri dishes compared to plastic food service 
containers. 
Additional work needs to be performed with DOR 364 to further determine the 
effects of imbibing seeds in the presence of AS and the inclusion of MES only in CC 
media on transformation. Greater transient GUS expression was observed with DOR 364 
when CC media contained MES and when seeds were imbibed with AS (Figure 14). 
Additionally, similar growth was observed between explants when explants were imbibed 
in water with AS and CC media contained MES or when MES was absent (Figure 15) 
resulting in inconclusive results on the effects of MES. However, all stable GUS positive 
tissue obtained with DOR 364 was from experiments in which MES was absent at all 
stages (Table 17). However, a minimal number of experiments were performed with 
imbibing seeds in water with AS and only containing MES in CC media so additional 
work could be performed to potentially lead to stable transformation of DOR 364.  
For infection of common bean, higher transformation of the embryonic axis 
resulted from GV3101 (nopaline) compared to GV2260 (octopine), however different 
selection was used for each strain (Espinosa-Huerta et al., 2013), consistent with the GUS 
expression observed when infection was via EHA101. No GUS positive tissue obtained 
when infection was with LBA4404. Leaf, embryonic axis, and stem explants identified a 
higher susceptibility to nopaline strains (Mukeshimana et al., 2013), similar to the results 
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herein where no GUS expressing tissue was obtained with LBA4404 while it was 
obtained with EHA101. Additionally, soft motion was used for successful transformation 
of hypocotyls via A. tumefaciens (Espinosa-Huerta et al., 2013) and a rotary shaker was 
used for infection resulting in stable GUS expression. However, for most experiments 
using DOR 364 a rotary shaker was used, so no direct comparisons with identical media 
are possible comparing infection from a shaker to infection on the laminar flow bench.  
Although GUS positive tissue was obtained with DOR 364, the majority of all 
leaf and shoot tissue obtained that was GUS positive for DOR 364 showed minimal blue 
staining aside from one entire shoot (Figure 17). Chimeric T0 plants were observed in 
75% of all plants obtained via bombardment (Russell et al., 1993). GUS activity in T0 
plants after bombardment of shoot apices embryonic axis was observed in the cotyledons 
and seed coats but not in the leaves, root, or stems (Kim and Mikamikawa et al., 1997). 
The initial infection of DOR 364 could be increased potentially leading to stable 
transformation and plant recovery. Sonication and vacuum infiltration have been used for 
infection of whole seeds via A. tumefaciens LBA4404 after germinating seeds and 
directly transferring to soil with 11.4% of T0 plants confirmed positive in one tested 
cultivar (Liu et al., 2005). It is possible that sonication and/or vacuum infiltration could 
lead to successful transformation of DOR 364 or additional common bean cultivars. 
However, it has been observed that sonication of the cotyledonary node did not increase 
transformation of one cultivar after 45 days (Liu et al., 2005) but has been reported for 
transformation of immature soybean cotyledons (Santarém et al., 1998). GUS expression 
in the embryonic axis was also greater when axes were bombarded prior to infection with 
LBA4404 (Brasileiro et al., 1996). Embryonic axis that were infected with A. tumefaciens 
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and placed in a vacuum chamber showed 100% GUS expression and more intense blue 
compared to 55% with infection alone (Mukeshimana et al., 2013). Leaves and stems 
have also been used for A. tumefaciens LBA4404 transformation and indirect 
transformation resulting in a regeneration at a frequency of 0, 2.8, and 17.4% depending 
on cultivar (Nifantova et al., 2011). Root transformation with DOR 364 has been 
successful via A. rhizogenes (Estrada-Navarrete et al., 2006). Combined with the minimal 
response of common bean cultivars to infection utilizing half seed explants, additional 
tissue could be targeted leading ultimately to regeneration of GUS positive plants. Using 
half seed explants, the intact embryonic axis/hypocotyl portion of the explant showed 
more intense GUS expression compared to the cotyledonary node (Figures 11, 14, and 
18). Further experiments could target the embryonic axis or hypocotyl, the hypocotyl has 
been reported successfully transformed previously (Espinosa-Huerta et al., 2013). 
Additionally, other cultivars could lead to successful transformation of common bean 
which displayed higher transient GUS expression than DOR 364 (Figure 18), in this work 
no elongation was observed on tested media (SE-MS+1G,  SE-MS+0MES+1G, SE-
MS+2G, and SE-MS+0MES+2G, Table 6). However, it is possible with further 
modifications to media, elongation would occur if the concentration of GA3 was 
increased as a result of the importance previously shown of GA3 in elongation from the 
cotyledon containing half of the embryonic axis (Dang and Wei, 2009) and the results 
observed here with DOR 364 (Figures 24 and 25).  
For co-cultivation of common bean cultivar DOR 364, the optimal media was 
semisolid MS with BA, GA3, AS, DTT, and L-cysteine. No experimentation was done 
regarding removal GA3, DTT, or Cys and it is possible that not all the media components 
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used were required for DOR 364. It is also possible that the media components used in 
this work were less than optimal and increasing the initial infection rate of DOR 364 
(Figure 19) could result in the recovery of transformed tissue. The inclusion of L-cysteine 
in CC media has been shown result in an increase fivefold in T-DNA transfer in A. 
tumefaciens mediated transformation of soybean (Olhoft and Somers, 2001). The 
inclusion of DTT has been shown to increase the frequency of transformed soybean cells 
in A. tumefaciens transformation (Olhoft et al., 2001). Efforts to increase T-DNA transfer 
by modifying the concentration of cysteine and DTT were not made in this work and 
additional work could focus on identifying optimal concentrations to maximize infection. 
Optimal concentrations could be determined and could potentially increase infection of 
common bean half seed explants via A. tumefaciens. Additional work should also 
compare the optimal AS concentration for CC media. In this work, AS comparison of 20, 
40, 80 or 120 mg/L led to inconsistent results on the optimal concentration of AS with 
120 mg/L leading to no shoot developing and shoot development occurring on 20, 40, 
and 80 mg/L suggesting the possibility that all concentrations are suitable. Further work 
would need to be performed to identify the most appropriate concentration. However, all 
GUS positive tissue was obtained when co-cultivation media contained 40 mg/L AS. 
Variation has been reported in the concentration of AS used for infection of the 
embryonic axis (20 mg/L) (Mukeshimana et al., 2013) and hypocotyls (40 mg/L) 
(Espinosa-Huerta et al., 2013). In infection of the cotyledonary, 20 mg/L AS was 
included and excluded for co-cultivation media with tumors developing on both types of 
media but higher proliferation when cultured on media with AS and higher tumor 
induction (Becker et al., 1994). Additionally, BA in CC and regeneration media was 
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shown to increase survival and transformation using whole bean embryos transformed via 
A. tumefaciens, whereas, when no hormones were included, poor regeneration was 
observed (Amugune et al., 2011), suggesting the importance of the inclusion of BA, 
optimally identified as 5 mg/L in this work. However, a higher concentration of BA in 
co-cultivation media could increase survival, 5 mg/L optimally reported here was for 
shoot induction. Although adjustments could be made to the co-cultivation media used, 
an initial issue with DOR 364 was the fact that only 53.3% of explants turned green in 
initial regeneration experiments (Tables 1 and 9). With adjustments to media and 
infection on the shaker compared to on a laminar flow bench, the percentage of DOR 364 
turning green was increased to 90 to 100%. Additionally, regarding indirect regeneration 
from leaf explants, the highest GUS expression was observed after six to eight days of 
co-cultivation (Mukeshima et al., 2013), whereas, co-cultivation duration of four, five, 
and six days was compared here with regeneration occurring (regardless of rooting 
media) for all days of co-cultivation. Transient GUS analysis showed more intense blue 
staining after four or five days co-cultivation (Figure 19). In this work four, five, and six 
day co-cultivation were compared on identical media with differences in the 
concentration of timentin. With the greater concentration of timentin (300 mg/L), 
regeneration was 4.94, 1.28, and 0.00% for four, five, and six day co-cultivation, 
respectively compared to 0.00, 1.04, and 3.06% regeneration was observed for four, five, 
and six, days of co-cultivation with 50 mg/L timentin. Averaged, regardless of media, 
regeneration was similar for all days of co-cultivation (2.47% for four days, 1.16% for 
five days, and 1.53% for six days). Additional replications would need to be performed to 
determine if four or six days co-cultivation would lead to higher regeneration and 
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transformation than five days which was used for most experiments in this research. 
Increasing the days of co-cultivation past six would likely lead to a greater amount of A. 
tumefaciens overgrowth, whereas lowering the days beyond four would like affect later 
regeneration as a result of a lower percentage of explants turning green after only three 
days of co-cultivation. However if days of co-cultivation were increased past six days, A. 
tumefaciens overgrowth could potentially be overcome by washing explants with 
antibiotics. Previous work has shown that A. tumefaciens overgrowth did not occur when 
embryonic axes were washed in liquid media with 500 mg/L timentin (Mukeshimana et 
al., 2013), and 500 mg/L cefotaxime has been used to wash whole seeds after infection 
via A. tumefaciens (Liu et al., 2005).  
For shoot induction media, variation was observed in the number of shoots that 
developed when the different concentrations of BA were compared, similar to earlier 
reported work in the regeneration of the cotyledonary node (McClean and Grafton, 1989; 
Malik and Saxena, 1992). Additionally, in regeneration from the cotyledonary node, the 
optimal concentration of BA has been identified as 1.14 mg/L (McClean and Grafton, 
1989), NAA combined with 1 mg/L (Ahmed et al., 2002) or 2.5 mg/L (Thao et al., 2013), 
3.4 mg/L with GA (Franklin et al., 1991) and 5 mg/L (Dang and Wei., 2009). This 
research indicates that 5 mg/L is the optimal concentration of BA across cultivars. In 
regeneration from the embryonic axis, across five cultivars, 5 mg/L BA was optimal 
(Arias et al., 2010; Chandel and Pandey, 2014) consistent with observations reported in 
this work. However, variation was observed in the optimal concentration of BA leading 
to the healthies explant growth between cultivars. For most cultivars, 5 mg/L BA was 
identified as optimal, however, one cultivar showed similar preference for 1.11 and 5 
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mg/L BA consistent with variation between cultivars in preference for BA (1 and 5 mg/L) 
after bombardment of the embryonic axis (Aragão and Rech 1997). Additional research 
would need to be performed to further identify if another concentration of BA would be 
more optimal concentration leading to greater shoot growth. Amugune et al. (2011) 
suggested to lower selection duration to three to four weeks to increase survival. When 
explants were only allowed one passage of shoot induction media (two weeks total), the 
regeneration tended to be lower than that of when a second shoot induction was used, 
0.32% regeneration without SI-2 compared to 0.60% averaged when SI-2 was used. No 
attempts were made in this work to reduce the time on selection, additional work should 
focus on comparing explants growth with selection applied only during shoot induction.  
The high elongation observed with DOR 364 on shoot elongation media (Figures 
24 and 25) could potentially be overcome investigating the effects on growth rate of 
additional media. Shoot elongation media compared in this research resulted in either 
minimal growth or fast shoot growth. On media without growth hormones, when two 
passages on shoot induction media were used, two shoots developed compared to media 
with 0.5 mg/L BA with one shoot developing and four developing on media containing 
0.5 mg/L GA3, whereas, 1 mg/L BA led to four (or five when imbibed with BA) with 0.1 
mg/L IAA resulting in two (or three when imbibed with BA) and 0.01 mg/L GA led to 
eight (or nine when imbibed with BA). However, for all compared shoot elongation 
media, plastic food service containers were used. Additional work needs to be done 
comparing shoot elongation media in petri plates to determine if higher regeneration and 
growth would result. Additionally, for BA containing shoot elongation media, BA alone 
led to the highest regeneration when all shoots were rooted on identical media (Figure 26) 
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suggesting BA alone in petri plates may lead to healthy shoot growth. Rooting was also 
an issue likely overcome by using MS media with 20 g/L sucrose, pH 5.7, and 1 mg/L 
IBA. When this recipe was used, 41.18% of all shoots attempted rooting compared to 
23.81% of shoots on identical media with the only difference being the pH of 5.6 (Figure 
28).  
In conclusion, future directions should further compare the effects of MES 
included and excluded from co-cultivation media to determine if stable transformation 
would result. Additional focus should be given to increasing the initial infection of DOR 
364. Further comparisons should be made on the effects of later regeneration after leaf 
removal before or after infection. Comparisons should also be made on culture vessels, 
petri dishes compared to plastic food service containers, to identify which vessel results 
in the greatest shoot development and elongation. Additional strains of A. tumefaciens 
could also be compared to determine if another would lead to a higher infection and 
ultimately recovery of a transformed common bean plant. A number of cultivars were 
compared in this work and were not selected as a result of minimal elongation, however, 
with modifications to the shoot elongation media, it is possible that another cultivar could 
be stably transformed. Half seed explants were used in this work with no additional 
explants attempted for infection, future work could use different explants that may show 
higher ability to be infected than the half seed explants used in this work.  
Conclusions 
Cultivars (93) were screened for the ability of half seed explants to turn green and 
continue regeneration after two weeks on shoot induction media. The number of cultivars 
screened for regeneration contributes to available data on regeneration using a half seed 
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explant being the largest cultivar available to date. A total of 21 cultivars were identified 
showing a healthy tissue culture response and selected for transformation experiments. 
Removal of leaves and shoots prior to common bean infection results in a lower 
regeneration compared to if leaves were removed after co-cultivation. Basal media 
comparisons resulted in healthier explant growth when MS media was used compared to 
B5 media. Across eight cultivars, 5 mg/L BA in shoot induction media was identified as 
optimal. The inclusion of MES in shoot induction and shoot elongation negatively affects 
common bean regeneration. Stable GUS positive tissue was obtained indicating that A. 
tumefaciens transformation of common bean is possible. For future research using half 
seed explants, this work provides important information on a large number of cultivars 
that may be suitable for common bean transformation, 5 mg/L BA was optimal across 
cultivars, and tissue culture media should not contain MES for shoot induction and 
elongation. Additionally, in this research, 1 mg/L glufosinate was suitable for 
transformation experiments. The concentration of glufosinate suitable for half seed 
explants has not reported previously, providing important information for work on the 
transformation of common bean utilizing a half seed explant. However, explant growth 
was observed when 2 mg/L glufosinate was used, it is possible a range between 1 mg/L 
and 2 mg/L would result in obtainment of transgenic common bean. 
  
193 
 
 
References 
Ahmed, E.E., Bisztray, GY.D., Velich, I. 2002. Plant regeneration from seedling explants 
of common bean (Phaseolus vulgaris L.). Proceedings of the 7th Hungarian 
Congress on Plant Physiology. 46:27-28.  
Amugune, N.O., Anyango, B., Mukiama, T.K. 2011. Agrobacterium-mediated 
transformation of common bean. African Crop Science Journal. 19:137-147. 
Angelini, R.R., Allavena, A. 1989. Plant regeneration from immature cotyledon explant 
cultures of bean (P. coccineus L.) Plant Cell, Tissue and Organ Culture. 19:167-
174.  
Aragão, F.J., Barros, L.M.G., Brasileiro, A.C.M., Ribeiro, S.G., Smith, F.D., Sanford, 
J.C., Faria, J.C., Rech, E.L. 1996. Inheritance of foreign genes in transgenic bean 
(Phaseolus vulgaris L.) co-transformed via particle bombardment. Theoretical 
and Applied Genetics. 93:142-150. 
Aragão, F.J.L, Rech, E.L. 1997. Morphological factors influencing recovery of transgenic 
bean plants (Phaseolus vulgaris L.) of a Carioca cultivar. International Journal of 
Plant Sciences. 158:157-163. 
Aragão, F.J.L., Ribeiro, S.G., Barros, L.M.G., Brasileiro, A.C.M., Maxwell, D.P., Rech, 
E.L., Faria, J.C. 1998. Transgenic beans (Phaseolus vulgaris L.) engineered to 
express viral antisense RNAs show delayed and attenuated symptoms to bean 
golden mosaic geminivirus. Molecular Breeding. 4:491-499. 
Aragão, F.J.L., Barros, L.M.G., de Sousa, M.V., Grossi de Sa, M.F., Almeida, E.R.P., 
Gander, E.S., Rech, E.L. 1999. Expression of a methionine-rich storage albumin 
from the brazil nut (Bertholletia excelsa H.B.K., Lecythidaceae) in transgenic 
194 
 
 
bean plants (Phaseolus vulgaris L., Fabaceae). Genetics and Molecular Biology. 
22:445-449.  
Aragão, F.J.L., Vianna, G.R., Albino, M.C, Rech, E.L. 2002. Transgenic dry bean 
tolerant to the herbicide glufosinate ammonium. Crop Science. 42:1298-1302.  
Arellano, J., Fuentes, S.I., Castillo-España, P., Hernández, G. 2009. Regeneration of 
different cultivars of common bean (Phaseolus vulgaris L.) via indirect 
organogenesis. Plant Cell, Tissue and Organ Culture. 96:11-18.  
Arias, A.M.G., Valverde, J.M., Fonseca, P.R., Melara, M.V. 2010. In vitro plant 
regeneration system for common bean (Phaseolus vulgaris): effect of N6-
benzylaminopurine and adenine sulphate. Electronic Journal of Biotechnology. 
13:DOI: 10.2225/vol13-issue1-fulltext-7 
Becker, D., Kemper, E., Schell, J., Masterson, R. 1992. New plant binary vectors with 
selectable markers located proximal to the left T-DNA border. Plant Molecular 
Biology. 20:1195-1197.  
Becker, J., Vogel, T., Iqbal, J., Nagl, W. 1994. Agrobacterium-mediated transformation 
of Phaseolus vulgaris. Adaptation of some conditions. Annual Report published 
in the collection of Reports of Bean Improvement Cooperative and National Dry 
Bean Council Research Conference. 127-128. 
Beebe, S.E., Rao, I.M., Cajiao, C., Grajales, M. 2008. Selection for drought resistance in 
common bean also improves yield in phosphorous limited and favorable 
environments. Crop Science. 48:582-592. 
Bonfim, K., Faria, J.C., Nogueira, E.O.P.L., Mendes, E.A., Aragão, F.J.L. 2007. RNAi-
mediated resistance to Bean golden mosaic virus in genetically engineered 
195 
 
 
common bean (Phaseolus vulgaris). Molecular Plant Microbe-Interactions. 
20:717-726. 
Brasileiro, A.C.M., Aragão, F.J.L., Rossi, S., Dusi, D.M.A., Barros, L.M.G., Rech, E.L. 
J. 1996. Susceptibility of common and tepary beans to Agrobacterium spp. strains 
and improvement of Agrobacterium-mediated transformation using 
microprojectile bombardment. American Society for Horticultural Science. 
121:810-815. 
Carvalho, M.H.C., Le, B.V., Zuily-Fodil, Y., Thi, A.T.P., Van, K.T.T. 2000. Efficient 
whole plant regeneration of common bean (Phaseolus vulgaris L.) using thin-cell-
layer culture and silver nitrate. Plant Science. 159:223-232. 
Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., Prasher, D.C. 1994. Green fluorescent 
protein as a marker for gene expression. Science. 263:802-805. 
Chandel, S.C.R., Pandey, S.K. 2014. Effect of N6-benzylaminopurine and adenine 
sulphate in in-vitro plant regeneration of Phaseolus vulgaris L. International 
Journal of Current Microbiology and Applied Sciences. 3:801-806. 
Collado, R., Veitía, N., Bermúdez-Caraballoso, I., García, L.R., Torres, D., Romero, C., 
Rodríguez Lorenzo, J.L., Angenon, G. 2013. Efficient in vitro plant regeneration 
via indirect organogenesis for different common bean cultivars. Scientia 
Horticulturae. 153:109-116. 
Dang, W., Wei, Z.M. 2009. High frequency plant regeneration from the cotyledonary 
node of common bean. Biologia Plantarum. 53:312-316. 
196 
 
 
Depicker, A., Stachel, S., Dhaese, P., Zambryski, P., Goodman, H.M. 1982 Nopaline 
synthase: transcript mapping and DNA sequence. Journal of Molecular and 
Applied Genetics. 1:561-573. 
Di, R., Purcell, V., Collins, G.B., Ghabril, S.A. 1996. Production of transgenic soybean 
lines expressing the bean pod mottle virus coat protein precursor gene. Plant Cell 
Reports. 15:746-750. 
Espinosa-Huerta, E., Quintero-Jimenez, A., Cabrera-Baccerra,V.K., Mora-Avilés, A.M. 
2013. Stable and efficient Agrobacterium tumefaciens mediated transformation of 
Phaseolus vulgaris. Agrociencia. 47:319-333. 
Estrada-Navarrete, G., Alvarado-Affantranger, X., Olivares, J.E., Diaz-Camino, C., 
Santana, O., Murillo, E., Guillen, G., Sanchez-Guevara, N., Acosta, J., Quinto, C., 
Li, D., Gresshoff, P.M., Sanchez, F. 2006.  Agrobacterium rhizogenes 
transformation of the Phaseolus spp.: A tool for functional genomics. Molecular 
Plant-Microbe Interactions. 19:1385-1393.  
Faria, J.C., Albino, M.M.C., Dias. B.B.A., Cancado, L.J., da Cunha, N.B., Silva, L.M., 
Vianna, G.R., Aragão, F.J.L. 2006. Partial resistance to Bean golden mosaic virus 
in a transgenic common bean (Phaseolus vulgaris L.) line expressing a mutated 
rep gene. Plant Science. 171:565-571. 
Faria, J.C., Carneiro, G.E.S., Aragão, F.J.L. 2010. Gene flow from transgenic common 
beans expressing the bar gene. GM Crops. 1:94-98. 
Finer, K.R., Finer, J.J. 2000. Use of Agrobacterium expressing green fluorescent protein 
to evaluate colonization of sonication-assisted Agrobacterium-mediated 
197 
 
 
transformation-treated soybean cotyledons. Letters in Applied Microbiology. 
30:406–410.  
Franklin, C.I., Trieu, T.N., Gonzales, R.A., Dixon, R.A. 1991. Plant regeneration from 
seedling explants of green bean (Phaseolus vulgaris L) via organogenesis. Plant 
Cell, Tissue and Organ Culture. 24:199-206. 
Gamborg, O.L., Miller, R.A., Ojima, L. 1968. Nutrient requirements of suspension 
culture of soybean root cells. Experimental Cell Research. 50:151-158. 
Genga, A., Allavena, A. 1991. Factors affecting morphogenesis from immature 
cotyledons of Phaseolus coccineus L. Plant Cell, Tissue and Organ Culture. 
27:189-196. 
Hoekema, A., Hirsch, P.R., Hooykaas, P.J.J., Schilperoort, R.A. 1983. A binary vector 
strategy based on separation of vir- and T-region of the Agrobacterium 
tumefaciens Ti-plasmid. Nature. 303:179-180. 
Hood, E.E., Helmer, G.L., Fraley, R.T., Chilton, M.D. 1986. The hypervirulence of 
Agrobacterium tumefaciens A281 is encoded in a region of pTiBo542 outside of 
T-DNA. Journal of Bacteriology. 168:1291-1301. 
Jefferson, R.A., Kavanagh, T.A., Bevan, M.W. 1987. GUS fusions: beta-glucuronidase as 
a sensitive and versatile gene fusion marker in higher plants. EMBO Journal. 
6:3901-3907. 
Kanchiswamy, C.N., Maffei, M. 2008. Callus induction and shoot regeneration of 
Phaseolus lunatus L. cv. Wonder Bush and cv. Pole Sieva. Plant Cell, Tissue 
Organ Culture. 92:239-242. 
198 
 
 
Kapila, J., Rycke, R.D., Montagu, M.V., Angenon, G. 1997. An Agrobacterium-mediated 
transient gene expression system for intact leaves. Plant Science. 122:101-108. 
Karakaya, A., Özcan, S. 2001. Susceptibility of different bean (Phaseolus vulgaris L.) 
cultivars to Agrobacterium tumefaciens. Turkish Journal of Biology. 25:447-452. 
Kartha, K.K., Pahl, K., Leung, N.L., Mroginski, L.A. 1981. Plant regeneration from 
meristems of grain legumes: soybean, cowpea, peanut, chickpea, and bean. 
Canadian Journal of Botany. 59:1671-1679. 
Khandual, S., Reddy, P.M. 2014. Rapid, efficient and high-performance protocol for 
Agrobacterium rhizogenes-mediated hairy root transformation of the common 
bean Phaseolus vulgaris. Advances in Bioscience and Biotechnology. 5:333-339. 
Kim, J.W., Minamikawa, T. 1996. Transformation and regeneration of French bean 
plants by the particle bombardment process. Plant Science. 117:131-138. 
Kim, J.W., Minamikawa, T. 1997. Stable Delivery of a canavalin promoter-β-
Glucuronidase gene fusion into french bean by particle bombardment. Plant Cell 
Physiology. 38:70-75. 
Kwapata, K., Sabzikar, R., Sticklen, M.B., Kelly, J.D. 2010. In vitro regeneration and 
morphogenesis studies in common bean. Plant Cell, Tissue and Organ Culture. 
100:97-105. 
Kwapata, K., Nguyen, T., Sticklen, M. 2012. Genetic transformation of common bean 
(Phaseolus vulgaris L.) with the GUS color marker, the bar herbicide resistance, 
and the barley (Hordeum vulgare) HVA1 drought tolerance genes. International 
Journal of Agronomy. doi:10.1155/2012/198960 
199 
 
 
Leon, P., Planckaert, F., Walbot, V. 1991. Transient Gene Expression in Protoplasts of 
Phaseolus vulgaris Isolated from a Cell Suspension Culture. Plant Physiology. 
95:968-972. 
Lewis. M. E., Bliss, F. A. 1994. Tumor formation and β-Glucuronidase expression in 
Phaseolus vulgaris inoculated with Agrobacterium tumefaciens. Journal of the 
American Society for Horticultural Science. 119:361-366.  
Liu, Z., Park, B., Kanno, A., Kameya, T. 2005. The novel use of a combination of 
sonication and vacuum infiltration in Agrobacterium-mediated transformation of 
kidney bean (Phaseolus vulgaris L.) with lea gene. Molecular Breeding. 16:189-
197. 
Luth, D., Warnberg, K., Wang, K. 2015. Soybean [Glycine max (L.) Merr.]. In: 
Agrobacterium Protocols (3rd edition). K. Wang (ed). Springer, USA, pp 275-284.  
Malik, K.A., Saxena, P.K. 1991. Regeneration in Phaseolus vulgaris L.: Promotive role 
of N6-benzylaminopurine in cultures from juvenile leaves. Planta. 184:148-150.  
Malik, K.A., Saxena, P.K. 1992. Regeneration in Phaseolus vulgaris L.: High-frequency 
induction of direct shoot formation in intact seedlings by N6-benzylaminopurine 
and thidiazuron. Planta. 186:384-389.  
Malik, K.A., Saxena, P.K. 1992. Somatic embryogenesis and shoot regeneration from 
intact seedlings of Phaseolus acutifolius A., P. aureus (L.) Wilczek, P. coccineus 
L., and P. wrightii L. Plant Cell Reports. 11:163-168. 
Martinez, J.P., Silva, H., Ledent, J.F., Pinto, M. 2007. Effect of drought stress on the 
osmotic adjustment, cell wall elasticity and cell volume of six cultivars of 
200 
 
 
common beans (Phaseolus vulgaris L.). European Journal of Agronomy. 26:30-
38. 
McClean, P., Grafton, K.F. 1989. Regeneration of dry bean (Phaseolus vulgaris L.) via 
organogenesis. Plant Science. 60:117-122. 
McClean, P., Chee, P., Held, B., Simental, J., Drong, R. F., Slightom, J. 1991. 
Susceptibility of dry bean (Phaseolus vulgaris L.) to Agrobacterium infection: 
Transformation of cotyledonary and hypocotyl tissues. Plant Cell, Tissue and 
Organ Culture. 24:131-138. 
Mohamed, M.F., Read, P.E., Coyne, D.P. 1992. Dark Preconditioning, CPPU, and 
thidiazuron promote shoot organogenesis on seedling node explants of common 
and faba beans. Journal of the American Society for Horticultural Science. 
117:668-672. 
Mohamed, M.F., Cao, J., Earle, E.D. 2006. Toward production of genetically modified 
common bean via Agrobacterium-mediated transformation. Annual Report in the 
Collection: Reports of Bean Improvement Cooperative and National Dry Bean 
Council Research Conference. 147-148. 
Mohamed, S.V., Sung, J.M., Jeng, T.L., Wang, C.S. 2006. Organogenesis of Phaseolus 
angularis L.: high efficiency of adventitious shoot regeneration from etiolated 
seedlings in the presence of N6-benzylaminopurine and thidiazuron. Plant Cell, 
Tissue and Organ Culture. DOI 10.1007/s11240-006-9107-1. 
Mukeshimana, G., Ma, Y., Walworth, A.E., Song, G., Kelly, J.D. 2013. Factors 
influencing regeneration and Agrobacterium tumefaciens-mediated transformation 
of common bean (Phaseolus vulgaris L.). Plant Biotechnology Reports. 7:59-70. 
201 
 
 
Murashige, T., Skoog, F. 1962. A revised medium for rapid growth and bioassays with 
tobacco tissue cultures. Physiologia Plantarum. 15:473-479. 
Mutlu, N., Miklas, P., Reiser, J. and Coyne, D. 2005. Backcross breeding for improved 
resistance to common bacterial blight in pinto bean (Phaseolus vulgaris L.). Plant 
Breeding. 124: 282-287.  
Nifantova, S.N., Komarnickiy, I.K., Kuchuk, N.V. 2011. Obtaining of transgenic french 
bean plants (Phaseolus vulgaris L.) resistant to the herbicide Pursuit by 
Agrobacterium-mediated transformation. Cytology and Genetics. 45:97-100. 
Nkalubo, S., Melis, R., Laing, M.D., Opio, F. 2007. Yield loss associated with 
anthracnose disease on Ugandan market-class dry bean cultivars. African Crop 
Science Conference Proceedings. 8:869-874 
Odell, J.T., Nagy, F., Chua, N.H. 1985. Identification of DNA sequences required for 
activity of the cauliflower mosaic virus 35S promoter. Nature. 313: 810-812. 
Olhoft, P., Somers, D. 2001. L-Cysteine increases Agrobacterium-mediated T-DNA 
delivery into soybean cotyledonary-node cells. Plant Cell Reports. 20:706-711. 
Olhoft, P., Lin, L., Galbraith, J., Nielsen, N., Somers, D. 2001. The role of thiol 
compounds in increasing Agrobacterium-mediated transformation of soybean 
cotyledonary-node cells. Plant Cell Reports. 20:706-711. 
Pavlista, A.D., Santra, D.K., Schild, J.A., Hergert, G.W. 2012. Gibberellic acid 
sensitivity among common bean cultivars (Phaseolus vulgaris L.). American 
Society for Horticultural Science. 47:637-642. 
202 
 
 
Paz, M., Martinez, J. C., Kalvig, A., Fonger, T., Wang, K. 2006. Improved cotyledonary 
node method using an alternative explant derived from mature seed for efficient 
Agrobacterium-mediated soybean transformation. Plant Cell Reports. 25:206-213. 
Pena-Cabriales, J.J., Castellanos, J.Z. 1993. Effects of water stress on N2 fixation and 
grain yield of Phaseolus vulgaris L. Plant and Soil. 152:151-155. 
Ponappa, T., Brzozowski, A.E., Finer, J.J. 1999. Transient expression and stable 
transformation of soybean using the jellyfish green fluorescent protein. Plant Cell 
Reports. 19:6-12. 
Quintero-Jiménez, A., Espinosa-Huerta, E., Acosta-Gallegos, J.A., Guzmán-Maldonado, 
H.S., Mora-Avilés, M.A. 2010. Enhanced shoot organogenesis and regeneration 
in the common bean (Phaseolus vulgaris L.). Plant Cell, Tissue and Organ 
Culture. 102:381-386. 
Rech, E.L., Vianna, G.R., Aragão, F.J.L. 2008. High-efficiency transformation by 
biolistics of soybean, common bean and cotton transgenic plants. Nature 
Protocols. 3:410-418. 
Russell. D.R., Wallace, K.M., Bathe, J.H., Martinell, B.J., McCabe, D.E. 1993. Stable 
transformation of Phaseolus vulgaris via electric-discharge mediated particle 
acceleration. Plant Cell Reports. 12:165-169. 
Saker, M.M., Kühne, T. 1997/98. Production of transgenic kidney bean shoots by 
electroporation of intact cells. Biologia Plantarum. 40:507-514. 
Santarém, E.R., Trick, H.N., Essig, J.S., Finer, J.J. 1998. Sonication-assisted 
Agrobacterium-mediated transformation of soybean immature cotyledons: 
optimization of transient expression. Plant Cell Reports. 17:752-759. 
203 
 
 
Shou, H., Frame, B., Whitham, S., Wang, K. 2004. Assessment of transgenic maize 
events produced by particle bombardment or Agrobacterium-mediated 
transformation. Molecular Breeding. 13:201-208. 
Siddique, I., Anis, M. 2006. Thidiazuron induced high frequency shoot bud formation 
and plant regeneration from cotyledonary node explants of Capsicum annuum L. 
Indian Journal of Biotechnology. 5:303-308. 
Srinivasa Reddy, M.S., Dinkins, R.D., Collins, G.B. 2003.Gene silencing in transgenic 
soybean plants transformed via particle bombardment. Plant Cell Reports. 21:676-
683.  
Teran, H., Singh, P. 2002. Comparison of sources and lines selected for drought 
resistance in common bean. Crop Science. 42:64-70. 
Thảo, N.T., Thảo, N.T.P., Hassan, F., Jacobsen, H.J. J. 2013. In vitro propagation of 
common bean (Phaseolus vulgaris L.). Developmental Science. 11:868-876. 
Thompson, C.J., Movva, N.R., Tizard, R., Crameri, R., Davies, J.E., Lauwereys, M., 
Botterman, J. 1987. Characterization of the herbicide-resistance gene bar from 
Streptomyces hygroscopicus. The EMBO Journal. 6:2519-2523. 
Veltcheva, M.R., Svetleva, D.L. 2005. In vitro Regeneration of Phaseolus vulgaris L. via 
organogenesis from petiole explants. Journal of Central European Agriculture. 
6:53-58. 
Vianna, G.R., Albino, M.M.C., Dias, A.B.A., Silva, L.M., Rech, E.L., Aragão, F.J.L. 
2004.  Fragment DNA as a vector for genetic transformation of bean (Phaseolus 
vulgaris L.). Scientia Horticulturae. 99:371-378. 
204 
 
 
White, J., Chang, S.Y., Bibb, M.J. 1990. A cassette containing the bar gene of 
Streptomyces hygroscopicus: a selectable markers for plant transformation. 
Nucleic Acids Research. 18:1062. 
Zambre, M.A., De Clercq, J., Vranová, E., Van Montagu, M., Angenon, G., Dillen, W. 
1996. Plant regeneration from embryo-derived callus in Phaseolus vulgaris L. 
(common bean) and P. acutifolius A. Gray (tepary bean). Plant Cell Reports. 
17:626-630. 
Zhang, Z., Coyne, D. P., Mitra, A. 1997. Factors Affecting Agrobacterium-mediated 
transformation of common bean. Journal of the American Society for 
Horticultural Science. 122:300-305. 
  
205 
 
 
 
Figure 1. Schematic map of construct used for common bean regeneration and transformation experiments 
a. circular map and b. only elements contained within the T-DNA borders. The construct contained two 
CaMV 35S promoters and the CaMV 35S terminator for GUS. The bar gene contained the NOS promoter 
and terminator. 
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Figure 2. a-f Selected cultivars after five days of co-cultivation (CC) (left panel for a-f) and after two weeks 
on the first shoot induction (SI-1) (right panel a-f) a. IJR: 100% of explants green after five days CC and 
92.1% of explants developing a shoot after SI-1 (regeneration frequency), b. BAT 477: 65.9% green and 
62.5% regeneration, c. OAC Inferno: 36.8% green and 50% regeneration d. A-55: 21.6% green and 11.1% 
regeneration, e. Camelot: 10% green and 0% regeneration, f. Voyager: 0% green and 0% regeneration. 
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Figure 3. a. Pod and b. seed appearance of immature Olathe used for transformation experiments. a. Green 
striped pods appeared 21-28 days after flowering and white striped pods appeared 22-36 days after 
flowering. b. Seed appearance and size from green pods with stripes (approximately 11 to 13 mm). 
  
a. 
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Figure 4. Comparison of glufosinate concentration for immature Olathe and mature DOR 364 and VAX-2 
after four weeks on shoot induction media. a. Immature Olathe cultured on 0, 1, 2, and 4 mg/L glufosinate, 
b. DOR-364 1 and 2 mg/L glufosinate, c. VAX-2 1 and 2 mg/L glufosinate.  
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Figure 5. Effect of 6-benzylaminopurine (BA) and glufosinate concentration on explant growth of 
immature Olathe. Comparison of immature Olathe cultured on shoot induction media containing 1.11, 2.22, 
3.33, or 4.44 mg/L BA with 0 or 2 mg/L glufosinate after infection and co-cultivation with 1.67, 3.34, 5 
and 6.68 mg/L BA. 
 
 
1.11 mg/L 
2.22 mg/L 
3.33 mg/L 
4.44 mg/L 
0 mg/L glufosinate 2 mg/L glufosinate 
210 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Transient GUS analysis of immature seeds imbibed in water overnight, water with acetosyringone 
(AS) overnight, or not imbibed (excised from pods immediately before infection) after five days of co-
cultivation. 
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Figure 7. Transient GUS analysis of immature seeds imbibed in water, water with AS (acetosyringone), and not imbibed after five days of co-cultivation 
compared to mature seeds imbibed in water and water with AS for Taylor Hort and UCD 0405. 
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Figure 8. Effect of stage of shoot removal for immature Olathe cultured on media without glufosinate. Immature Olathe after two weeks on shoot induction (SI-
1) (left panels) with shoots removed only after co-cultivation (CC) (bottom left) compared to not removed after CC (top left), after 2 weeks on SI-2 (middle 
panels) with shoots removed only after SI-1 before transfer to SI-2 (top middle) and with shoots removed after CC and SI-1 (bottom middle), and after two weeks 
on shoot elongation (SE) media (right panels).  
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Figure 9. Regeneration of immature Olathe comparing effects of shoot removal only after co-cultivation 
(CC) (shoot removed after both CC and the first shoot induction (SI-1)) or only after SI-1 (uncut after CC) 
with culture on media with 0 or 2 mg/L glufosinate. 
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Figure 10. DOR 364 BA (6-benzylaminopurine) comparison after 2 weeks on shoot induction (SI) media a. with MES (2-ethanesulfonic acid) present in all 
media and 2 mg/L of glufosinate with explants only cut after two weeks on SI media (not after co-cultivation (CC)) and 2 mg/L glufosinate and b. BA of 5 mg/L 
in CC and SI media with explants cut only after CC (not after SI-1) with MES in all media and 2 mg/L glufosinate (left panel), with MES in CC media and not in 
SI with 2 mg/L glufosinate (2nd from the left panel), without MES in all media and 2 mg/L (2nd panel from the right) or 1 mg/L Glufosinate (right panel). 
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Figure 11. K-42 transient GUS analysis after five days of co-cultivation on MS media containing 1.67, 5, or 10 mg/L BA (6-benzylaminopurine) pH 5.4 with 
(left panels) or without MES (2-ethanesulfonic acid) (middle panels) and at pH 5.6 (right panels). 
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Figure 12. K-42 after two weeks on shoot induction media cultured with and without MES (2-
ethanesulfonic acid) and containing 1.11, 5, or 10 mg/L BA (6-benzylaminopurine) after five days of co-
cultivation on media with 1.67, 5, or 10 mg/L BA with MES at pH 5.4 (left panels), without MES (middle 
panels), and at pH 5.6 (right panels). 
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Figure 13. Experimental method for experiments comparing effects of imbibing seeds in water or water with AS (acetosyringone) with infection containing MES 
(2-ethanesulfonic acid) prior to transfer to media with and without MES or infection and CC without MES prior to transfer to media without MES. 
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Figure 14. Transient GUS analysis after five days co-cultivation after imbibing seeds in water (2nd and 4th rows) or water with AS (acetosyringone) (1st and 3rd 
rows) with co-cultivation media containing MES (2-ethanesulfonic acid) (1st and 2nd rows) or without MES (3rd and 4th rows) for DOR 364, K-42, Taylor Hort, 
and UCD 0405. 
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Figure 15. DOR 364 and UCD 0405 after four weeks on shoot induction media after imbibement in water with 40 mg/L AS (acetosyringone) (left panels) or 
water alone (right panels). Inclusion of MES (2-ethanesulfonic acid) in infection, co-cultivation (CC), and shoot induction (SI) media (top row), only in cc media 
(middle row), and absent from all media (bottom row).
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Figure 16. Explants after four weeks on shoot induction media without MES (2-ethanesulfonic acid) 
infected and co-cultivated (CC) with and without MES on MS and B5 media a. VAX 2 and b. DOR 364.   
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Figure 17. DOR 364 stable GUS expression with infection, co-cultivation, and shoot induction on media 
without MES (2-ethanesulfonic acid) and containing 5 mg/L BA (6-benzylaminopurine) (I-MS-5BA-
0MES, CC-MS-5BA-0MES, SI-MS-5BA-0MES-1G) with SE media in petri plates (SE-MS-0MES-1G).
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Figure18. Analysis of transient GUS expression comparing EHA101 and LBA4404 after five day co-
cultivation on MS media with 5 mg/L BA (6-benzylaminopurine) without MES (2-ethanesulfonic acid)
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Figure 19. DOR 364 after four (left panels), five (middle panels), and six (right panels) days of co-cultivation with infection with EHA101 (top row) or LBA4404 
(bottom row) and co-cultivation containing 1/10X MS basal medium, 30 g/L sucrose, pH 5.4, 40 mg/L AS (acetosyringone), 5 mg/L BA (6-benzylaminopurine), 
and 0.25 mg/L GA3 (gibberellic acid). For co-cultivation media, 4.25 g/L Noble Agar was added after pH adjustment and 154.2 mg/L DTT (dithiothreitol) and 
400 mg/L Cysteine.  
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Figure 20. Stages of BAT 477 transformation on media without MES (2-ethanesulfonic acid) and containing 1 mg/L 
glufosinate after two (top left panel) and four weeks on shoot induction (SI) media (top right panel) and after two 
(bottom left panel) and four weeks on shoot elongation (SE) media (bottom right panel).  
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After SE-1 After SE-2 
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Figure 21. Effect of imbibement duration on shoot elongation of regardless of media and methods tested. 
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Figure 22. Method comparison for DOR 364 after two weeks on shoot induction (SI-1), four weeks on shoot induction (SI-2), and shoot elongation after two 
(SE-1) and four weeks (SE-2). For M12, shoots were removed only after co-cultivation (CC) and explants cultured in petri dishes, M13 identical to M12 with 
plastic food service containers replacing petri dishes, and M14 utilizing plastic food service containers with the addition of removing leaves before and after CC.
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Figure 23. Effect of method on the average percentage of tissue showing stable GUS expression and the average 
regeneration for DOR 364. Identical media was used for all experiments (I-MS+5BA+0MES, CC-MS+5BA+0MES, 
SI-MS+5BA+0MES+1G, and SE-MS+0MES+1G) with various rooting media tested. 
  
M11 M12 M13 M14 M16 M17 M18 M19 M20 M24 M25 M26
Average GUS 0.00 2.48 0.35 0.08 0.00 0.00 0.00 0.00 1.67 0.00 0.00 0.00
Average Regen 0.00 8.06 0.18 0.12 0.00 0.00 0.00 3.06 3.33 0.00 0.00 0.00
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Figure 24. DOR 364 explants after two weeks on shoot elongation media after imbibing seeds in water with identical media (I-MS+5BA+0MES, CC-
MS+5BA+0MES, SI-MS+5BA+0MES+1G) and differences in SE media. All shoot elongation media was pH 5.7 and contained MS salts and vitamins, 30 g/L 
sucrose, 7 g/L noble agar, 50 mg/L vancomycin, 100 mg/L cefotaxime, 50 mg/L timentin, and 1 mg/L glufosinate. The control media additionally contained 0.5 
mg/L GA3, 50 mg/L asparagine, 100 mg/L pyroglutamic acid, 0.1 mg/L IAA, and 1 mg/L zeatin-riboside. Additional elongation media contained no growth 
hormones, 0.5 mg/L GA3, or 0.5 mg/L BA.  
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Figure 25. DOR 364 explants after two weeks on shoot elongation media comparing effects of imbibing seeds in water (M14) or water with 1 mg/L 6-
benzylaminopurine (BA) (M24) with identical media (I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS+5BA+0MES+1G) with methods identical other than the 
imbibement and differences in SE media. All shoot elongation media was pH 5.7 and contained MS salts and vitamins, 30 g/L sucrose, 7 g/L noble agar, 50 mg/L 
vancomycin, 100 mg/L cefotaxime, 50 mg/L timentin, and 1 mg/L glufosinate. The control media additionally contained 0.5 mg/L GA3, 50 mg/L asparagine, 100 
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BA/IAA 
2
2
9
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mg/L pyroglutamic acid, 0.1 mg/L IAA, and 1 mg/L zeatin-riboside. Additional elongation media contained 1 mg/L BA (BA) with 0.1 mg/L GA3 (BA/GA) or 
0.01 mg/L IAA (BA/IAA).  
  
2
3
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Figure 26. DOR 364 comparison after imbibing seeds in water (M14) or water with 1 mg/L 6-
benzylaminopurine (BA) (M24) with methods identical other than the imbibement and differences in SE 
media with rooting on identical media. All shoot elongation media was pH 5.7 and contained MS salts and 
vitamins, 30 g/L sucrose, 7 g/L noble agar, 50 mg/L vancomycin, 100 mg/L cefotaxime, 50 mg/L timentin, 
and 1 mg/L glufosinate. The control media additionally contained 0.5 mg/L GA3, 50 mg/L asparagine, 100 
mg/L pyroglutamic acid, 0.1 mg/L IAA, and 1 mg/L zeatin-riboside. Additional elongation media 
contained 1 mg/L BA (BA) with 0.1 mg/L GA3 (BA/GA) or 0.01 mg/L IAA (BA/IAA).  
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Table 1. Common bean cultivars selected for transformation experimentation. 
 Cultivar Name Color Size (cm) Percent Green1 
Regeneration Frequency2 
(%) 
BAT 477 Tan 1.00 65.9 62.5 
Taylor Hort Cranberry 1.25 59.5 72.0 
1062-V98 Light red kidney 1.50 56.4 59.1 
Kamiakin Light red kidney 1.50 45.2 71.4 
K-42 Light red kidney 1.50 83.3 52.4 
USDK-4 Dark red kidney 1.50 50.0 50.0 
Royal Red Dark red kidney 1.50 50.0 83.3 
Kardinal Light red kidney 1.50 56.3 50.0 
Blush Light red kidney 1.75 78.0 72.9 
G-122 Cranberry 1.25 9.7 40.0 
IJR Cranberry 1.25 100.0 92.1 
Cran-09 Cranberry 1.25 45.2 63.2 
UCD 0405 Cranberry 1.25 66.7 70.7 
UCD 0801 Cranberry 1.50 63.0 50.0 
Etna Cranberry 1.25 7.3 0.0 
H9659-27-7 Light red kidney 1.50 51.4 45.0 
TARS-HT2 Light red kidney 1.50 78.6 80.0 
OAC Redstar Dark red kidney 1.50 66.7 66.7 
DOR-364 Small red 1.00 53.3 54.2 
Olathe Pinto 1.25 21.6 57.7 
VAX-2 Pink 1.25 58.7 85.2 
1Percent Green: number of explants turning green after five day co-cultivation / number of explants co-
cultivated x 100. 
2Regeneration frequency: number of explants transferred to a second shoot induction / the number of 
explants transferred to the first shoot induction x 100. 
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Table 2. Media used for common bean regeneration. 
 
1CC: Co-cultivation 
2SI: Shoot induction 
3SE: Shoot elongation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Media 
Component Infection CC1 SI2 SE3 
MS Modified Basal Medium (MS) 0.443 g/L 0.443 g/L 4.43 g/L 4.43 g/L 
2-ethanesulfonic acid (MES) 3.9 g/L 3.9 g/L 0.59 g/L 0.59 g/L 
Sucrose 30 g/L 30 g/L 30 g/L 30 g/L 
Noble Agar - 4.25 g/L 7 g/L 7 g/L 
pH 5.4 5.4 5.7 5.7 
Dithiothreitol (DTT) - 154.2 mg/L - - 
L-Cysteine (Cys) - 400 mg/L - - 
3’,5’-Dimethoxy-4’-hydroxyacetophenone 
(acetosyringone)(AS) 
40 mg/L 40 mg/L - - 
6-Benzylaminopurine (BAP) 1.67 mg/L 1.67 mg/L 1.11 mg/L - 
Gibberellic Acid (GA3) 0.25 mg/L 0.25 mg/L - 0.5 mg/L 
Asparagine - - - 50 mg/L 
Pyroglutamic acid - - - 100 mg/L 
Indole-3-acetic acid (IAA) - - - 0.1 mg/L 
Zeatin-Riboside (Z-R) - - - 1 mg/L 
Indole-3-butyric acid (IBA) - - - - 
Cefotaxime (Claforan) - - 100 mg/L 100 mg/L 
Timentin - - 50 mg/L 50 mg/L 
Vancomycin - - 50 mg/L 50 mg/L 
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Table 3. Infection media used for common bean transformation.  
 Components1 
Media Name 
Basal Media 
(g/L) 
MES2 
(g/L) 
pH 
AS3 
(mg/L) 
BA4 
(mg/L) 
I-MS 
MS5 
3.9 5.4 40 1.67 
I-MS+0MES 0 5.4 40 1.67 
I-MS+3BA 3.9 5.4 40 3.34 
I-MS+5BA 3.9 5.4 40 5 
I-MS+5BA+0MES 0 5.4 40 5 
I-MS+5BA+0MES+5.6 0 5.6 40 5 
I-MS+5BA+0MES+20AS 0 5.4 20 5 
I-MS+5BA+0MES+80AS 0 5.4 80 5 
I-MS+5BA+0MES+120AS 0 5.4 120 5 
I-MS+6BA 3.9 5.4 40 6.68 
I-MS+10BA 3.9 5.4 40 10 
I-MS+10BA+0MES 0 5.4 40 10 
I-B5 
B56 
3.9 5.4 40 1.67 
I-B5+5BA 3.9 5.4 40 5 
I-B5+5BA+0MES 0 5.4 40 5 
 
1 For all infection media, base components were 1/10X MS (or B5) with 30 g/L sucrose and 0.25 mg/L 
GA3. In addition to the base media, the designated components were added to each individual listed media. 
2 MES: 2-ethanesulfonic acid (MES). 
3AS: 3’,5’-dimethoxy-4’-hydroxyacetophenone (acetosyringone). 
4BA: 6-benzylaminopurine. 
5MS: MS Modified Basal Medium. 
6B5: Gamborg B5 Basal Medium. 
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Table 4. Co-cultivation media used for common bean transformation. 
 Components1 
Media Name 
Basal Media 
(g/L) 
MES2 
(g/L) 
pH 
AS3 
(mg/L) 
BA4 
(mg/L) 
CC-MS 
MS5 
3.9 5.4 40 1.67 
CC-MS+0MES 0 5.4 40 1.67 
CC-MS+0MES+5.6 0 5.6 40 1.67 
CC-MS+3BA 3.9 5.4 40 3.34 
CC-MS+5BA 3.9 5.4 40 5 
CC-MS+5BA+0MES 0 5.4 40 5 
CC-MS+5BA+0MES+5.6 0 5.6 40 5 
CC-MS+5BA+0MES+20AS 0 5.4 20 5 
CC-MS+5BA+0MES+80AS 0 5.4 80 5 
CC-MS+5BA+0MES+120AS 0 5.4 120 5 
CC-MS+6BA 3.9 5.4 40 6.68 
CC-MS+10BA 3.9 5.4 40 10 
CC-MS+10BA+0MES 0 5.4 40 10 
CC-MS+10BA+0MES+5.6 0 5.6 40 10 
CC-B5 
B56 
3.9 5.4 40 1.67 
CC-B5+5BA 3.9 5.4 40 5 
CC-B5+5BA+0MES 0 5.4 40 5 
 
1 For all co-cultivation media, base components were 1/10X MS (or B5) with 30 g/L sucrose, 4.25 g/L 
Noble Agar, 0.25 mg/L GA3, 154.2 mg/L dithiothreitol (DTT), and 400 mg/L L-cysteine. In addition to the 
base media, the designated components were added to each individual listed media. 
2 MES: 2-ethanesulfonic acid. 
3AS: 3’,5’-dimethoxy-4’-hydroxyacetophenone (acetosyringone). 
4BA: 6-benzylaminopurine. 
5MS: MS Modified Basal Medium. 
6B5: Gamborg B5 Basal Medium. 
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Table 5. Shoot induction media used for common bean. 
 Components1 
Media Name 
Basal Media 
(g/L) 
MES2 
(g/L) 
BA3 
(mg/L) 
Cefo4 
(mg/L) 
Time5 
(mg/L) 
Gluf6 
(mg/L)  
SI-MS+0G 
MS7 
0.59 1.11 100 50 0 
SI-MS+1G 0.59 1.11 100 50 1 
SI-MS+2G 0.59 1.11 100 50 2 
SI-MS+0MES+2G 0 1.11 100 50 2 
SI-MS+4G 0.59 1.11 100 50 4 
SI-MS+8G 0.59 1.11 100 50 8 
SI-MS+2BA+0G 0.59 2.22 100 50 0 
SI-MS+2BA+2G 0.59 2.22 100 50 2 
SI-MS+3BA+0G 0.59 3.33 100 50 0 
SI-MS+3BA+2G 0.59 3.33 100 50 2 
SI-MS+4BA+0G 0.59 4.44 100 50 0 
SI-MS+4BA+2G 0.59 4.44 100 50 2 
SI-MS+5BA+1G 0.59 5 100 50 1 
SI-MS+5BA+0MES+1G 0 5 100 50 1 
SI-MS+5BA+2G 0.59 5 100 50 2 
SI-MS+5BA+0MES+2G 0 5 100 50 2 
SI-MS+5BA+0MES+300Time+1G 0 5 100 300 1 
SI-MS+5BA+0MES+500Cefo+1G 0 5 500 50 1 
SI-MS+10BA+0MES+1G 0 10 100 50 1 
SI-MS+10BA+2G 0.59 10 100 50 2 
SI-MS+10BA+0MES+2G 0 10 100 50 2 
SI-B5+4G 
B58 
0.59 1.11 100 50 4 
SI-B5+8G 0.59 1.11 100 50 8 
SI-B5+5BA+0MES+1G 0 5 100 50 1 
SI-B5+5BA+0MES+2G 0 5 100 50 2 
1 For all shoot induction media, base components were 1X MS (or B5) with 30 g/L sucrose, 7 g/L Noble 
Agar, pH 5.7, and 50 mg/L Vancomycin. In addition to the base media, the designated components were 
added to each individual listed media. 
2 MES: 2-ethanesulfonic acid. 
3BA: 6-benzylaminopurine. 
4Cefo: Cefotaxime 
5Time: Timetin. 
6Gluf: Glufosinate. 
7MS: MS Modified Basal Medium. 
8B5: Gamborg B5 Basal Medium. 
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Table 6. Shoot elongation media used for common bean transformation. 
 Components1 
Media name 
Basal Media 
(g/L) 
MES2 
(g/L) 
BA3 
(mg/L) 
GA34 
(mg/L) 
Asp/Pyro5 
(mg/L) 
IAA6 
(mg/L) 
Z-R7 
(mg/L) 
Cefo8 
(mg/L) 
Time9 
(mg/L) 
Gluf10 
(mg/L) 
SE-MS+0G 
MS11 
0.59 0 0.5 50/100 0.1 1 100 50 0 
SE-MS+1G 0.59 0 0.5 50/100 0.1 1 100 50 1 
SE-MS+2G 0.59 0 0.5 50/100 0.1 1 100 50 2 
SE-MS+4G 0.59 0 0.5 50/100 0.1 1 100 50 4 
SE-MS+8G 0.59 0 0.5 50/100 0.1 1 100 50 8 
SE-MS+0MES+1G 0 0 0.5 50/100 0.1 1 100 50 1 
SE-MS+0MES+2G 0 0 0.5 50/100 0.1 1 100 50 2 
SE-MS+0MES+300Time+1G 0 0 0.5 50/100 0.1 1 100 300 1 
SE-MS+0MES+500Cefo+1G 0 0 0.5 50/100 0.1 1 500 100 1 
SE-MS+0MES+NH+1G 0 0 0 0 0 0 100 50 1 
SE-MS+0.5BA+0MES+1G 0 0.5 0 0 0 0 100 50 1 
SE-MS+1BA+0MES+1G 0 1 0 0 0 0 100 50 1 
SE-MS+1BA+0.01IAA+0MES+1G 0 1 0 0 0.01 0 100 50 1 
SE-MS+1BA+0.1GA+0MES+1G 0 1 0.1 0 0 0 100 50 1 
SE-MS+0.5GA+0MES+1G 0 0 0.5 0 0 0 100 50 1 
SE-MSB5+8G MSB512 0.59 0 0.5 50/100 0 1 100 50 8 
SE-B5+0MES+1G 
B513 
0 0 0.5 50/100 0 1 100 50 1 
SE-B5+0MES+2G 0 0 0.5 50/100 0 1 100 50 2 
SE-B5+4G 0.59 0 0.5 50/101 0 1 100 50 4 
1 For all shoot elongation media, base components were 1X MS (or MSB5 or B5) with 30 g/L sucrose, 7 g/L Noble Agar, pH 5.7, and 50 mg/L Vancomycin. In 
addition to the base media, the designated components were added to each individual listed media. 
2 MES: 2-ethanesulfonic acid. 
3BA: 6-benzylaminopurine. 
4GA3: Gibberellic Acid. 
5Asp/Pyro: Asparagine/Pyroglutamic Acid. 
6IAA: Indole-3-acetic acid. 
2
3
7
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7Z-R: Zeatin-Riboside. 
8Cefo: Cefotaxime. 
9Time: Timetin. 
10Gluf: Glufosinate. 
11MS: MS Modified Basal Medium. 
12MSB5: MS Modified Basal Medium with Gamborg Vitamins. 
13B5: Gamborg B5 Basal Medium
2
3
8
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Table 7. Rooting media used for common bean transformation. 
 Components1 
Media name 
Basal Media 
(g/L) 
MES2 
(g/L) 
Sucrose 
(g/L) 
pH 
IBA3 
(mg/L) 
Gluf4 
(mg/L) 
R-MSB5+0G MSB55 0.59 20 5.6 1 0 
R-MS+1G 
MS6 
0.59 20 5.6 1 1 
R-MS+2G 0.59 20 5.6 1 2 
R-MS+0MES+0G 0 20 5.6 1 0 
R-MS+0MES+2IBA+0G 0 20 5.6 2 0 
R-MS+0MES+0IBA+0G 0 20 5.6 0 0 
R-MS+0MES+10%S+0IBA+0G 0 10 5.6 0 0 
R-MS+0MES+5.7+0G 0 20 5.7 1 0 
1 For all rooting media, base components were 1/2X MS (or MSB5) with 7 g/L Noble Agar. In addition to 
the base media, the listed components were added to each individual listed media. 
2 MES: 2-ethanesulfonic acid. 
3IBA: Indole-3-butyric acid (IBA). 
4Gluf: Glufosinate. 
5MSB5: MS Modified Basal Medium with Gamborg Vitamins. 
6MS: MS Modified Basal Medium. 
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Table 8. Methods used for common bean transformation experiments. 
 Imbibement Infection Co-cultivation SI-11 SI-22 SE3 Rooting 
Method Location Liquid/Media Treatment Location Treatment Days Treatment Extra Treatment Extra Treatment Vessel Vessel 
M1 N/A 
No 
imbibement 
N/A Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
No- Direct transfer 
from CC to SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M2 N/A 
No 
imbibement 
N/A Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M3 N/A 
No 
imbibement 
N/A Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
6 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M4 N/A 
No 
imbibement 
N/A Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M5 24⁰C 
Germination 
Media 
Light Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M6 24⁰C 
Germination 
Media 
Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M7 Shaker Water Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M8 Shaker Water Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
            
2
4
0
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 Imbibement Infection Co-Cultivation SI-11 SI-22 SE3 Rooting 
Method Location Liquid/Media Treatment Location Treatment Days Treatment Extra Treatment Extra Treatment Vessel Vessel 
M9 Shaker Water Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M10 Shaker Water Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Dark 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M11 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
4 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M12 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
vM13 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M14 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M15 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M16 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
2
4
1
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 Imbibement Infection Co-Cultivation SI-11 SI-22 SE3 Rooting 
Method Location Liquid/Media Treatment Location Treatment Days Treatment Extra Treatment Extra Treatment Vessel Vessel 
M17 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
Yes- No SI2 was 
used, transfer from 
SI1 direct to SE1 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M18 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
Yes- Shoots 
removed before 
transfer SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M19 Shaker Water Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
6 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M20 Shaker Water 
Dark; 
Scarified 
seeds 
Shaker 
Seeds dissected into 2 
halves; embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M21 Shaker 
Water + 40 
mg/L AS4 
Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
No- Direct transfer 
from CC to SI1 
Yes- Shoots 
removed before 
transfer SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M22 Shaker 
Water + 40 
mg/L AS4 
Dark Bench 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M23 Shaker 
Water + 40 
mg/L AS4 
Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
100 x 25 mm 
petri dishes 
Magenta 
boxes 
M24 Shaker 
Water + 1 
mg/L BA5 
Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
M25 Shaker 
Water + 
0.01% Bleach 
Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
        
        
2
4
2
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 Imbibement Infection Co-Cultivation SI-11 SI-22 SE3 Rooting 
Method Location Liquid/Media Treatment Location Treatment Days Treatment Extra Treatment Extra Treatment Vessel Vessel 
M26 Shaker 
Water + 
0.01% Bleach 
Dark Shaker 
Seeds dissected into 2 
halves; Embryonic axis 
trimmed; All visible 
leaves removed prior to 
infection; Cotyledonary 
node wounded 3X 
5 Light 
Yes- Leaves/shoots 
were removed after 
CC before transfer 
SI1 
No- Direct transfer 
from SI1 to SI2 
Plastic Food Service 
Container 
8 oz. 12 oz. 
1CC: Co-cultivation. 
1SI-1: Shoot induction 1. 
2SI-2: Shoot induction 2.  
3SE: Shoot elongation. 
4AS: 3’,5’-dimethoxy-4’-hydroxyacetophenone (acetosyringone); Sigma-Aldrich. 
5BA: 6-benzylaminopurine; Sigma-Aldrich.  
 
2
4
3
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Table 9. Percentage turning green and regeneration frequency of cultivars with 50 to 100% turning green 
after five day co-cultivation. 
 Cultivar Name CC1 Percentage Green2 1st SI3 2nd SI Regeneration Frequency4 
IJR 38 100.0 38 35 92.1 
I9365-25 50 84.0 50 19 38.0 
K-42 48 83.3 42 22 52.4 
TARS-HT2 42 78.6 30 24 80.0 
Blush5  42 78.0 34 25 72.9 
Beluga 37 67.6 23 8 34.8 
UCD 04056 30 66.7 21 15 70.7 
OAC Redstar 36 66.7 24 16 66.7 
P-152 36 66.7 25 12 48.0 
BAT-477 44 65.9 24 15 62.5 
UC Nichols 36 63.9 24 7 29.2 
UCD 0801 27 63.0 24 12 50.0 
Taylor Hort 42 59.5 25 18 72.0 
Nua45 56 58.9 33 16 48.5 
VAX2 46 58.7 27 23 85.2 
1062-V98 39 56.4 22 13 59.1 
Kardinal 48 56.3 24 12 50.0 
K-59 38 55.3 18 6 33.3 
DOR-364 45 53.3 24 13 54.2 
AC Calmont 31 51.6 13 5 38.5 
H9659-27-7 37 51.4 20 9 45.0 
Royal Red 26 50.0 12 10 83.3 
USDK-4 32 50.0 16 8 50.0 
1CC: Co-cultivation. 
2Percentage Green = Number green / CC × 100. 
3SI: Shoot induction. 
4Regeneration Frequency = Number of explants transferred to 2nd SI / number of explants transferred to 1st 
SI × 100. 
5Average data based on three separate experiments. 
6Average data based on two separate experiments. 
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Table 10. Percentage turning green and regeneration frequency of cultivars with 18 to 49% turning green 
after five day co-cultivation.  
 Cultivar Name CC1 Percentage Green2 1st SI3 2nd SI Regeneration Frequency4 
Kamiakin 42 45.2 14 10 71.4 
Cran-09 42 45.2 19 12 63.2 
Sacramento 25 44.0 11 0 0.0 
Red Hawk5 40 41.3 17 8 44.1 
Red Kloud 44 40.9 16 5 31.3 
K07921 27 40.7 12 4 33.3 
USDK-CBB-15 32 40.6 14 3 21.4 
I9365-31 30 40.0 12 5 41.7 
VAX3 43 39.5 19 5 26.3 
Clouseau 41 39.0 15 8 53.3 
OAC Inferno 38 36.8 16 8 50.0 
Red Rover 33 33.3 12 8 66.7 
NY105 31 32.3 9 7 77.8 
USLK-1 41 31.7 12 5 41.7 
1132-V96 41 31.7 13 3 23.1 
Charlevoix 32 31.3 11 1 9.1 
Krimson 39 30.8 12 3 25.0 
Wallace 773-V98 36 30.6 11 3 27.3 
Lassen 46 30.4 18 6 33.3 
Pompadour B 31 29.0 10 4 40.0 
VAX1 45 28.9 13 4 30.8 
3138 42 28.6 18 4 22.2 
Chinook 2000 33 27.3 10 1 10.0 
Isles 32 25.0 23 15 65.2 
Shiny Crow 41 24.4 11 5 45.5 
Black Magic 34 23.5 10 5 50.0 
Red Kanner 36 22.2 7 2 28.6 
Olathe6 74 21.6 7 4 57.7 
A-55 37 21.6 9 1 11.1 
UCD 0704 28 21.4 10 3 30.0 
UC Canario 707 28 21.4 12 3 25.0 
K131/R1-P1  37 18.9 11 2 18.2 
ICA Quimbaya 27 18.5 5 2 40.0 
1CC: Co-cultivation. 
2Percentage Green = Number green / CC × 100. 
3SI: Shoot induction. 
4Regeneration Frequency = Number of explants transferred to 2nd SI / number of explants transferred to 1st 
SI × 100. 
5Average data based on two separate experiments. 
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6Average data based on four separate experiments. Explants were split between levels of Glufosinate and 
the number green reflects that total green for all treatments. The number on SI and regeneration frequency 
are based solely on data from experiments with 0 mg/L glufosinate. 
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Table 11. Percentage turning green and regeneration frequency of cultivars with 0 to 17.9% turning green 
after five day co-cultivation. 
 Cultivar Name CC1 Percentage Green2 1st SI3 2nd SI Regeneration Frequency4 
USWK-6 34 17.6 10 3 30.0 
PT8-3 40 17.5 11 1 9.1 
USWK-CBB-17 29 17.2 11 5 45.5 
La Paz 44 15.9 9 0 0.0 
Capri 45 15.6 7 5 71.4 
NY104 42 14.3 11 4 36.4 
Buster 43 14.0 4 1 25.0 
AC Elk 36 13.9 6 2 33.3 
Silver Cloud 40 12.5 12 0 0.0 
Montrose 34 11.8 5 0 0.0 
Camelot 30 10.0 3 0 0.0 
G-122 31 9.7 5 2 40.0 
UI-686 43 9.3 12 0 0.0 
Fiero 36 8.3 5 2 40.0 
Raven 25 8.0 3 1 33.3 
Zorro 52 7.7 9 0 0.0 
Etna5 41 7.3 9 0 0.0 
Majesty 29 6.9 2 2 100.0 
USRM-20 46 6.5 5 2 40.0 
CDRK 31 6.5 4 0 0.0 
Merlot  34 5.9 3 2 66.7 
VA-19 41 4.9 2 2 100.0 
R-99 22 4.5 3 0 0.0 
Matterhorn 46 4.3 2 1 50.0 
Chianti 37 2.7 12 0 0.0 
Lisa 40 2.5 12 0 0.0 
USCR-7 43 2.3 16 4 25.0 
Hooter 47 2.1 12 0 0.0 
Albion 42 0.0 12 0 0.0 
Eagle 28 0.0 12 0 0.0 
Myasi 38 0.0 12 0 0.0 
OAC Lyrick 40 0.0 6 0 0.0 
Othello 50 0.0 16 0 0.0 
Roza 50 0.0 18 0 0.0 
UI-537 50 0.0 17 0 0.0 
Viva 48 0.0 18 0 0.0 
Voyager 40 0.0 6 0 0.0 
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1CC: Co-cultivation. 
2Percentage Green = Number green / CC × 100. 
3SI: Shoot induction. 
4Regeneration Frequency = Number of explants transferred to 2nd SI / number of explants transferred to 1st 
SI × 100. 
5Average data based on two separate experiments. 
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Table 12. Effect of pod age and stage of shoot removal on regeneration of immature Olathe.  
  
No. 
Replications 
SI-11 
No. to 
Rooting 
Number 
Rooted 
Regeneration 
Frequency2 
1 Day Method M13 1 104 5 0 0 
1 Day Method M24 3 331 5 2 0.57 
1 Day Method M35,6 0 - - - - 
3 Day Method M13 2 210 30 2 1.02 
3 Day Method M24 3 326 7 0 0 
3 Day Method M35,6 0 - - - - 
4 Day Method M13,6 0 - - - - 
4 Day Method M24 4 358 0 3 0.75 
4 Day Method M35 3 241 18 2 1.02 
 
1 SI-1: Shoot induction. The number of explants transferred to shoot induction after five days of co-
cultivation. 
2Regeneration frequency was calculated as the number rooted / number of explants transferred to SI-1 × 
100. 
3Method M1: Five day co-cultivation, no shoot removal at any stage. 
4Method M2: Five days of co-cultivation and shoots removed after two weeks on shoot induction media. 
5Method M3: Six days of co-cultivation and shoots removed after two weeks on shoot induction media. 
6Method M3 was not tested for pods one or three days old, and Method 1 was no tested for pods four days 
old. 
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Table 13. Media used for K-42 BA comparison with and without MES.  
 
 
 
 
 
 
 
 
 
 
1CC: Co-cultivation. 
2SI: Shoot induction. 
3SE: Shoot elongation. 
 Media 
Treatment Infection CC1 SI2 SE3 
1: 1.67 BA I-MS+5BA CC-MS SI-MS-2G SE-MS-2G 
2: 1.67 BA, No MES I-MS+5BA+0MES CC-MS-0MES SI-MS-0MES-2G SE-MS-0MES-2G 
3: 1.67 BA, No MES, pH 5.6 I-MS+5BA+0MES+5.6 CC-MS-0MES-5.6 SI-MS-0MES-2G SE-MS-0MES-2G 
4: 5 BA I-MS+5BA CC-MS-5BA SI-MS-5BA-2G SE-MS-2G 
5: 5 BA, No MES I-MS+5BA+0MES CC-MS-5BA-0MES SI-MS-5BA-0MES-2G SE-MS-0MES-2G 
6: 5 BA, No MES, pH 5.6 I-MS+5BA+0MES+5.6 CC-MS-5BA-0MES-5.6 SI-MS-5BA-0MES-2G SE-MS-0MES-2G 
7: 10 BA I-MS-5BA CC-MS-10BA SI-MS-10BA-2G SE-MS-2G 
8: 10 BA, No MES I-MS-5BA-0MES CC-MS-10BA-0MES SI-MS-10BA-0MES-2G SE-MS-0MES-2G 
9: 10 BA, No MES, pH 5.6 I-MS-5BA-0MES-5.6 CC-MS-10BA-0MES-5.6 SI-MS-10BA-0MES-2G SE-MS-0MES-2G 
2
5
0
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Table 14. Effect of imbibement on shoot elongation for DOR 364 based on duration of imbibement regardless of media.  
   Experiments with Shoot Elongation Experiments without Shoot Elongation 
Duration Method 
Total 
Experiments 
No. Experiments 
Percent of 
Experiments 
No. Experiments 
Percent of 
Experiments 
18 hours M12 11 6 54.55 5 45.45 
18 hours M13 3 2 66.67 1 33.33 
18 hours M20 2 2 100.00 0 0.00 
18 hours M23 3 0 0.00 3 100.00 
18 hours Total 19 10 52.63 9 47.37 
24 hours M11 2 1 50.00 1 50.00 
24 hours M14 21 15 71.43 6 28.57 
24 hours M16 2 2 100.00 0 0.00 
24 hours M17 6 3 50.00 3 50.00 
24 hours M18 4 2 50.00 2 50.00 
24 hours M19 2 2 100.00 0 0.00 
24 hours M24 8 6 75.00 2 25.00 
24 hours M25 2 1 50.00 1 50.00 
24 hours M26 2 2 100.00 0 0.00 
24 hours Total 49 34 69.39 15 30.61 
48 hours M12 2 2 100.00 0 0.00 
48 hours M13 17 9 52.94 8 47.06 
48 hours M14 7 5 71.43 2 28.57 
48 hours M18 1 0 0.00 1 100.00 
48 hours Total 27 16 59.26 11 40.74 
65 hours M13 4 0 0.00 4 100.00 
65 hours Total 4 0 0.00 4 100.00 
2
5
1
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Table 15. Total number of experiments for methods used for transformation with DOR 364 with total number of experiments for each method and total number 
of experiments developing shoots.  
  Experiments with Shoot Elongation Experiments without Shoot Elongation 
Method 
Total 
Experiments 
No. Experiments 
Percent of 
Experiments 
No. Experiments 
Percent of 
Experiments 
M11 2 1 50.00 1 50.00 
M12 13 8 61.54 5 38.46 
M13 24 11 45.83 13 54.17 
M14 28 20 71.40 8 28.57 
M16 2 2 100.00 - - 
M17 6 3 50.00 3 50.00 
M18 5 2 40.00 3 60.00 
M19 2 2 100.00 - - 
M20 2 2 100.00 - - 
M23 3 0 0.00 3 100.00 
M24 8 6 75.00 2 25.00 
M25 2 1 50.00 1 50.00 
M26 2 1 50.00 1 50.00 
  
2
5
2
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Table 16. Experimental data utilizing Method M12 for DOR 364 transformation.1 
Rep SI-1 No. To Rooting No. Rooted No. GUS Positive Percent GUS Positive2 Regeneration Frequency3 
R1 84 9 3 6 7.14 3.57 
R2 70 32 12 2 2.86 17.14 
R3 48 15 1 1 2.08 2.08 
R4 53 11 3 1 1.89 5.66 
R5 54 9 4 0 0.00 7.41 
R6 90 31 11 2 2.22 12.22 
R7 84 35 7 1 1.19 8.33 
Total4 483 142 41 13 2.69 8.49 
Average5 69.00 20.29 5.86 1.86 2.48 8.06 
1All infected with I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS-5BA-0MES-1G, SE-MS-0MES-1G, R-MS-0MES-0G. 
2Percent GUS positive calculated based on the number of GUS positive tissue obtained divided by the number transferred to SI-1 x 100. 
3Regeneration Frequency: Calculated as the number that rooted divided by the number transferred to SI-1 x 100. 
4Total: Total number of explants across all replications. 
5Average: Calculated as the average from all seven replications. 
  
2
5
3
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Table 17. DOR 364 individual experiments yielding stable GUS positive tissue.1  
Method Imbibed OD CC2 SI-13 SI-2 SE-14 SE-2 SE-3 SE-4 To R5 # R6 # GUS +7 %GUS8 % Regen9 
M12 18 0.888 95 84 58 52 23 15 6 9 3 6 7.14 3.57 
M12 18 0.638 100 70 66 50 37 29 9 32 12 2 2.86 17.14 
M12 40 1.214 99 90 66 54 34 21 12 31 11 2 2.22 12.22 
M12 18 0.638 74 48 33 27 19 8 4 15 1 1 2.08 2.08 
M12 18 0.797 75 53 36 28 18 13 - 11 3 1 1.89 5.66 
M12 40 1.214 98 84 69 54 42 18 7 35 7 1 1.19 8.33 
M13 44 0.943 72 48 23 17 13 6 4 6 0 2 4.17 0.00 
M14 24 0.54 88 78 46 42 31 - - 5 0 1 1.28 0.00 
M20 18 0.797 46 30 15 9 7 6 - 5 2 1 3.33 6.67 
1All infected with I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS+5BA+0MES+1G, SE-MS+0MES+1G, R-MS+0MES+0G. 
2CC: Co-cultivation; number of explants transferred to CC media. 
3SI: Shoot induction; number of explants transferred to the first SI (SI-1) and number of explants transferred to the second SI (SI-2). 
4SE: Shoot elongation; number of explants transferred to the first (SE-1), second, (SE-2), third (SE-3), and fourth (SE-4) shoot elongation. 
5R: Rooting; number of shoots transferred to rooting media. 
6#R: Number of shoots developing roots. 
7# GUS +: Number of shoots with stable GUS expression. 
8%GUS: # GUS + / number of explants transferred to SI-1 × 100. 
9% Regen: # R / number of explants transferred to SI-1 × 100.  
  
2
5
4
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Table 18. Experimental data utilizing Method M13 for DOR 364 transformation.1 
Rep SI-1 No. To Rooting 
No. 
Rooted 
No. GUS Positive Percent GUS Positive2 Regeneration Frequency3 
R1 45 2 0 0 0.00 0.00 
R2 93 2 2 0 0.00 2.15 
R3 57 3 0 0 0.00 0.00 
R4 48 6 0 2 4.17 0.00 
R5 58 0 0 0 0.00 0.00 
R6 30 0 0 0 0.00 0.00 
R7 72 5 0 0 0.00 0.00 
R8 83 0 0 0 0.00 0.00 
R9 80 0 0 0 0.00 0.00 
R10 84 2 0 0 0.00 0.00 
R11 40 0 0 0 0.00 0.00 
R12 48 1 0 0 0.00 0.00 
Total4 738 21 2 2 0.27 0.27 
Average5 61.5 1.75 0.17 0.17 0.35 0.18 
1All infected with I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS-5BA-0MES-1G, SE-MS-0MES-1G, R-MS-0MES-0G. 
2Percent GUS positive calculated based on the number of GUS positive tissue obtained divided by the number transferred to SI-1 x 100. 
3Regeneration Frequency: Calculated as the number that rooted divided by the number transferred to SI-1 x 100. 
4Total: Total number of explants across all replications. 
5Average: Calculated as the average from all 12 replications. 
  
2
5
5
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Table 19. Experimental data utilizing Method M14 for DOR 364 transformation.1 
 
1All infected with I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS-5BA-0MES-1G, SE-MS-0MES-1G, R-MS-0MES-0G. 
2Percent GUS positive calculated based on the number of GUS positive tissue obtained divided by the number transferred to SI-1 x 100. 
3Regeneration Frequency: Calculated as the number that rooted divided by the number transferred to SI-1 x 100. 
4Total: Total number of explants across all replications. 
5Average: Calculated as the average from all 13 replications. 
 
Rep SI-1 No. To Rooting No. Rooted No. GUS Positive Percent GUS Positive2 Regeneration Frequency3 
R1 78 5 0 1 1.28 0.00 
R2 41 0 0 0 0.00 0.00 
R3 106 6 1 0 0.00 0.94 
R4 79 0 0 0 0.00 0.00 
R5 89 0 0 0 0.00 0.00 
R6 71 1 0 0 0.00 0.00 
R7 81 0 0 0 0.00 0.00 
R8 96 3 1 0 0.00 1.04 
R9 65 0 0 0 0.00 0.00 
R10 68 1 0 0 0.00 0.00 
R11 120 12 0 0 0.00 0.00 
R12 78 0 0 0 0.00 0.00 
R13 56 0 0 0 0.00 0.00 
Total4 1480 28 2 1 0.07 0.14 
Average5 79.08 2.15 0.15 0.08 0.10 0.15 
2
5
6
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Table 20. Average GUS and regeneration of DOR 364 across methods with culture on identical media.1  
Method 
Average Elongated Shoots Across Replication with Stable 
GUS expression (%) 
Average Regeneration 
(%) 
M11 0.00 0.00 
M12 2.48 8.06 
M13 0.35 0.18 
M14 0.10 0.15 
M16 0.00 0.00 
M17 0.00 0.00 
M18 0.00 0.00 
M19 0.00 3.06 
M20 1.67 3.33 
M24 0.00 0.00 
M25 0.00 0.00 
M26 0.00 0.00 
1All infected with I-MS+5BA+0MES, CC-MS+5BA+0MES, SI-MS-5BA-0MES-1G, SE-MS-0MES-1G,  
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Table 21. Comparison of rooting media. 
Media1 No. to rooting No. Rooted Percent Rooted 
10% sucrose, 0 mg/L IBA2, pH 5.6 10 1 10.00 
20% sucrose, 0 mg/L IBA2, pH 5.6 28 0 0.00 
20% sucrose, 1 mg/L IBA2, pH 5.6 262 60 23.81 
20% sucrose, 1 mg/L IBA2, pH 5.7 34 14 41.18 
20% sucrose, 2 mg/L IBA2, pH 5.6 26 2 7.69 
Table 21. Rooting media used for common bean transformation of DOR 364. 
 
1In addition to the components listed, all media contained MS salts and vitamins and 7 g/L Noble Agar 
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Supplemental Table S1: Color and size of common bean cultivars tested for regeneration 
 Cultivar Name Color Size (cm) Growth Habit Gene Pool 
A-55 Black 1.00 V MA 
Black Magic Black 1.00 V MA 
I9365-31 Black 1.25 V MA 
P-152 Black 1.00 V MA 
Raven Black 0.75 V MA 
Shiny Crow Black 1.00 V MA 
Zorro Black 1.00 - MA 
Capri Cranberry 1.25 B A 
Chianti Cranberry 1.50 V A 
Cran-09 Cranberry 1.25 B A 
Etna Cranberry 1.25 B A 
G-122 Cranberry 1.25 B A 
Hooter Cranberry 1.50 B A 
IJR Cranberry 1.25 B A 
Krimson Cranberry 1.50 B A 
Taylor Hort Cranberry 1.25 B A 
UCD 0405 Cranberry 1.25 B A 
UCD 0801 Cranberry 1.50 B A 
UI-686 Cranberry 1.25 V A 
USCR-7 Cranberry 1.25 B A 
AC Calmont Dark Red Kidney 1.50 B A 
Camelot Dark Red Kidney 1.50 B A 
CDRK Dark Red Kidney 1.50 B A 
Charlevoix Dark Red Kidney 1.50 B A 
Fiero Dark Red Kidney 1.50 B A 
Isles Dark Red Kidney 1.50 B A 
Majesty Dark Red Kidney 1.50 V A 
OAC Redstar Dark Red Kidney 1.50 B A 
Red Hawk Dark Red Kidney 1.50 B A 
Red Rover Dark Red Kidney 1.50 B A 
Royal Red Dark Red Kidney 1.50 B A 
UC Nichols Dark Red Kidney 1.50 B A 
USDK-4 Dark Red Kidney 1.50 B A 
USDK-CBB-15 Dark Red Kidney 1.50 B A 
ICA Quimbaya Dark Red Mottled 1.50 B A 
Pompadour B Dark Red Mottled 1.50 B A 
3138 Great Northern 1.25 V MA 
Matterhorn Great Northern 1.25 - MA 
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1062-V98 Light Red Kidney 1.50 B A 
1132-V96 Light Red Kidney 1.50 B A 
AC Elk Light Red Kidney 1.50 B A 
Blush  Light Red Kidney 1.75 B A 
Chinook 2000 Light Red Kidney 1.50 B A 
Clouseau Light Red Kidney 1.50 B A 
H9659-27-7 Light Red Kidney 1.50 V A 
K-42 Light Red Kidney 1.50 B A 
K-59 Light Red Kidney 1.50 B A 
Kamiakin Light Red Kidney 1.50 B A 
Kardinal Light Red Kidney 1.50 B A 
NY104 Light Red Kidney 1.50 B A 
NY105 Light Red Kidney 1.75 B A 
OAC Inferno Light Red Kidney 1.50 B A 
OAC Lyrick Light Red Kidney 1.75 B A 
Red Kanner Light Red Kidney 1.50 B A 
Red Kloud Light Red Kidney 1.50 B A 
Sacramento Light Red Kidney 1.50 B A 
TARS-HT2 Light Red Kidney 1.50 B A 
USLK-1 Light Red Kidney 1.50 B A 
VA-19 Light Red Kidney 1.50 B A 
Wallace 773-V98 Light Red Kidney 1.50 B A 
I9365-25 Pink 1.00 V MA 
Roza Pink 1.25 V MA 
UI-537 Pink 1.00 V MA 
VAX2 Pink 1.25 V MA 
Viva Pink 1.00 V MA 
Buster Pinto 1.00 V MA 
K131/R1-P1  Pinto 1.00 - MA 
La Paz Pinto 1.25 V MA 
Montrose Pinto 1.25 V MA 
Olathe Pinto 1.25 V MA 
Othello Pinto 1.25 V MA 
PT8-3 Pinto 1.25 V MA 
VAX1 Pinto 1.25 V MA 
Nua45 Red Mottled 1.50 - A 
DOR-364 Small Red 1.00 V MA 
Merlot  Small Red 1.00 - MA 
USRM-20 Small Red 1.00 V MA 
VAX3 Small Red 1.00 V MA 
Albion Small White/Navy 0.75 V MA 
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R-99 Small White/Navy 0.75 V MA 
Voyager Small White/Navy 1.00 V A 
BAT-477 Tan 1.00 V MA 
Beluga White Kidney 1.50 B A 
Eagle White Kidney 1.25 B MA 
K07921 White Kidney 1.50 B A 
Lassen White Kidney 1.50 B A 
Lisa White Kidney 1.50 B A 
Silver Cloud White Kidney 1.75 B A 
UCD 0704 White Kidney 1.50 B A 
USWK-6 White Kidney 1.50 B A 
USWK-CBB-17 White Kidney 1.50 B A 
Myasi Yellow 1.00 B A 
UC Canario 707 Yellow 1.25 B A 
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 
 
Soybean Promoter Comparison 
 To ensure the highest possible transformation efficiency and to reduce the labor 
involved in tissue culture, it is important to choose the correct promoter/enhancer 
combination driving selection genes. The focus of the soybean promoter comparison project 
was to directly compare the promoter of the 35S RNA subunit of the cauliflower mosaic 
virus (CaMV 35S) (Odell et al., 1985) and nopaline synthase (NOS) promoter (Depicker et 
al., 1982) both with and without an enhancer to determine the effect of each promoter on 
transformation efficiency in Agrobacterium tumefaciens-mediated transformation of soybean 
(Paz et al., 2006; Luth et al., 2015). When the NOS promoter with enhancer was used for 
transformation experiments a transformation efficiency of 3.5% was observed across 12 
replications, significantly higher than 1.4% for the CaMV 35S with enhancer across 8 
replications, 1.6% across 16 replications for the CaMV 35S without enhancer, and 1.0% 
across 12 replications for NOS without an enhancer. For all constructs, segregation analysis 
of T1 plants showed the majority of T0 plants (events) followed an expected 3:1 segregation 
ratio. The average copy number did not differ significantly between constructs. Additionally, 
the highest proportion of single copy events resulted from the CaMV 35S without an 
enhancer. The highest proportion of events containing two to three copies was observed for 
NOS without an enhancer, four to five copies for the CaMV 35S without an enhancer, six to 
ten copies for NOS with an enhancer, and over 11 copies for CaMV 35S without an 
enhancer.  
263 
 
 
Future work could focus on comparisons during tissue culture between constructs to 
determine if any differences exist, in rice slower callus growth has been observed when using 
NOS compared to CaMV 35S (Zhou et al., 2013). Additional research should examine copy 
number in subsequent generations to confirm stability of transgene integration. Expression 
analysis of bar could be performed to determine how copy number relates to expression in 
soybean, lower GUS activity has been reported when multiple transgene copies were 
integrated in tobacco when using the CaMV 35S (Hobbs et al., 1990) and in petunia, higher 
nptII transcripts were reported with NOS (equal number of plants contained one and two 
copies) compared to CaMV 35S (mostly contained single copies) (Sanders et al., 1987).  
Common Bean Regeneration and Transformation 
 Common bean transformation has been reported successful in a minimal number of 
publications. Success has been reported via bombardment (Aragão et al., 1996) and A. 
tumefaciens (Liu et al., 2005; Espinosa-Huerta et al., 2013). The objective of this project was 
to develop on A. tumefaciens-mediated transformation protocol using half seed explants. To 
identify cultivars suitable for transformation, a large number of common bean cultivars were 
screened for their ability to turn green after co-cultivation and continue shoot development 
and regeneration. The number of cultivars screened in this project (93) is the largest cultivar 
screen reported. A number of cultivars were compared for transient infection after infection 
with A. tumefaciens EHA101 (Hood et al., 1986) and LBA4404 (Hoekema et al., 1983) 
resulting in observed variation in GUS analysis between cultivars. Cultivars were compared 
on varying concentrations of 6-benzylaminopurine (BA) to identify the optimal concentration 
leading to the healthiest shoot growth and regeneration. Across eight cultivars, 5 mg/L of BA 
was identified as optimal. Comparisons of B5 and MS basal media in this work identified MS 
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as being optimal resulting in higher regeneration than when B5 media was used. The 
inclusion of MES in tissue culture media for all stages of culture results in lower explant 
growth compared to when explants are cultured on media without MES. Stable GUS 
expression was observed for DOR 364 providing evidence that transformation of common 
bean is possible.  
 Key media components that would likely provide healthy explant growth for future 
work are MS basal media, 5 mg/L BA in shoot induction media, and the exclusion from MES 
for shoot induction and elongation media. Future research should examine the effects on later 
tissue culture if MES is present in co-cultivation media, elongation culture vessels, the timing 
of leaf/shoot removal and imbibement with BA or acetosyringone. A number of additional 
cultivars were identified in this work that showed a high ability to turn green and develop 
shoots, but did not elongate well, experiments should focus on hormone adjustments (i.e. 
GA3) to determine if elongation can be achieved.  
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